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Abstract 
 
Compared to hip and knee, anatomic shoulder arthroplasty is relatively poorly understood, 
underdeveloped and reported loosening rates are very high, the common cause of failure 
being glenoid aseptic loosening. 
The aim of this thesis was first to establish in-vitro and in-vivo CT protocols allowing direct 
monitoring of glenoid fixation and aseptic loosening and secondly to identify key elements 
of the procedure that could improve results of prosthetic surgery.  
First, in-vitro, the ASTM standard method for evaluating loosening of glenoid implants was 
modified, so that, with the use of CT-scans at regular interval basis, it allows the direct 
monitoring of the failure observed in the laboratory setting. The failure was observed at the 
cement-implant interface and progressed from the edges of the implants, both superior and 
inferior, towards the keel. 
Secondly, an in-vivo CT protocol was established that eliminates most of the metallic 
artefacts caused by the humeral head and consequently enhances the visualisation of the 
radiolucent lines and osteolysis around the glenoid. The link between radiological lucencies 
and aseptic loosening was confirmed first in a study including 68 cases using this CT 
 3 
protocol, which confirmed the progression of the lucencies over time, and secondly, by the 
use of Spect-CT. 
The 3-dimensional spatial (mal)position of the glenoid component and the resulting 
consequences were analysed in three additional studies. The effect of malposition on clinical 
results and radiological lucencies; the relationship to the preoperative eroded glenoid and the 
relationship to polyethylene wear were all investigated.  These studies stressed how 
inaccurately the glenoid components are positioned in clinical practise and that this 
inaccuracy has a detrimental effect on polyethylene wear; aseptic loosening and ultimately 
on clinical outcome. 
Future work should focus on establishing the optimal position of the glenoid implant, and 
how to achieve this optimal placement in surgical practise. 
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Aims and summary of the thesis 
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1.1 Aims and scope of the thesis 
 
 
Indications for shoulder arthroplasty are numerous, but mostly due to glenohumeral 
osteoarthritis, rheumatoid arthritis, osteonecrosis or fracture of the proximal humerus. In 
terms of the number of procedures performed, the shoulder is the major joint most frequently 
replaced in upper limb surgery and third, after hip and knee, when considering all body 
major joint replacements. The idiom “Shoulder Arthroplasty” includes a various range of 
different implant shapes, designs and concepts. Among these, anatomic total shoulder 
arthroplasty, in which both humeral head and glenoid sockets are replaced to reproduce the 
natural anatomy of the joint as closely as possible, is the most frequently performed 
procedure, with a figure of about 100.000 annual procedures performed world wide. 
However, compared to hip and knee, anatomic shoulder arthroplasty is relatively poorly 
understood, underdeveloped and reported loosening rate are very high, the common cause of 
failure being glenoid aseptic loosening. 
The purpose of this thesis is to investigate glenoid loosening in anatomic total shoulder 
arthroplasty, and to identify key elements of the procedure that could improve prosthesis 
results and longevity. 
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1.2 Summary of the thesis (and its components?) 
 
 
Prior to this thesis there was no methodology that allowed reliable detection and monitoring 
of glenoid failure. Hence, the initial and an essential part of this PhD was focused on the 
development of a CT method that satisfied this need. This method-development part of the 
thesis consisted first of establishing and verifying the CT methodology in the laboratory 
setting. Secondly, the methodology was transferred to the clinical setting, which required the 
development of a reproducible patient-positioning protocol to remove the artefacts in the CT 
images which are caused by the presence of the metallic humeral head and applied it to a 
large series of patients. Additionally, CT scan was used to determinate the position of the 
implants, to compare it to the preoperative position of the eroded arthritic glenoid and to 
study wear pattern.  
 
In summary, this PhD provides a new tool for investigations of glenoid loosening and gives 
new insight into the causes of glenoid failure. Finally, indications for how to improve the 
outcome of shoulder arthroplasty are made.. 
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Developments in shoulder arthroplasty 
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2.1  Introduction 
 
 
Indications for shoulder arthroplasty are numerous, mainly owing to glenohumeral 
osteoarthritis, rheumatoid arthritis, or fracture of the proximal humerus. However, the 
anatomy and the biomechanics of the shoulder are complex. In parallel, the success of hip 
and knee arthroplasties have been the focus of attention in orthopaedic research, and 
consequently, the shoulder has received less attention in the past.  
Nevertheless, shoulder arthroplasty has evolved significantly over the past 30 years. The 
purpose of this chapter is to present the main recent evolutions in shoulder replacement, the 
questions not answered yet and the main future areas of research. 
 
2.1.1 History 
 
The first arthroplasty reported in the literature was implanted by a French surgeon, Péan, in 
18941. He used a platinum and rubber implant for a gleno-humeral joint destroyed by 
tuberculosis. In 1921 Albee attempted to reproduce the fulcrum of the gleno-humeral joint 
for loss of the proximal humerus by transplanting the patient’s proximal fibula into the 
defect. In 1933 Jones described an arthroplasty of the shoulder for comminuted fractures of 
the humeral head and proximal shaft in which the fragments of the head and the tuberosities 
were resected, the proximal humerus was rounded off, and the components of the 
musculotendinous cuff were reattached2, 3. However, this rarely resulted in satisfactory 
function. In the 1950’s Neer4 started the modern era of shoulder replacements by performing 
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hemi-arthroplasties initially for fracture-dislocations of the humeral head, and then later for 
osteoarthritis: In 1951 he successfully replaced the humeral head with a Vitallium prosthesis 
with a 44 mm radius of curvature of the head. He reported his initial results in 1955. This 
operation resulted in significant improvement in function when compared with previous 
arthroplasties.  
In 1974 he developed the Neer II humeral prosthesis, which was modified to conform to a 
glenoid component. Attempts were made to emulate the total hip replacement in the shoulder 
over the next twenty years, using fixed fulcrum devices, which were largely unsuccessful. In 
1982, Lettin et al5 reported a series of 50 cases, 22 showed signs of loosening and 10 
required revision. These findings were in keeping with studies from North America and led 
to the discontinuation of these implants. The first successful reporting of total shoulder 
replacements was by Neer6 in 1982, describing a large series using polyethylene glenoid 
components, for difficult technical problems encountered in cases of erosion (Figure 1).     
Currently, modular designs of humeral components that allow precise tensioning of soft 
tissues and ease of revision are available. Research in shoulder arthroplasty is now focused 
on the glenoid implant design, to avoid early loosening, which is the greatest problem. There 
are many different choices of implant design, but in general it appears that results are less 
reliable in those with most constraint between the humeral and glenoid components7.   
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2.1.2 Anatomy and biomechanics 
 
The mobility of the shoulder is due to the synergistic mobility of three joints (the gleno-
humeral, sterno-clavicular and acromio-clavicular joints) and of two sliding spaces (the sub-
acromial and scapulo–thoracic spaces). The anatomy of those joints permits the shoulder to 
have more mobility than is possible in any other joint in the body. The main joint involved in 
the movement is the gleno-humeral, which is often described as a ball-and-socket joint. The 
large humeral head articulates against and not within the small glenoid cavity, which is 
nearly flat, so there is little inherent stability. The stability and movement of the gleno-
humeral joint are provided by static (negative intra-articular pressure, capsular and 
ligaments) and dynamic stabilizers, especially the rotator cuff. The rotator cuff stabilizes the 
gleno-humeral joint while allowing great freedom of motion and also fixes the fulcrum of 
the upper extremity, against which the deltoid can contract and elevate the humerus8. The 
integrity of the rotator cuff is therefore an important pre-operative question, influencing the 
choice of the implant (as described below) and the post-operative results of the arthroplasty. 
The importance of the integrity of the deltoid in the movement of the shoulder is also well 
described. Paralysis with complete loss of function of the deltoid is one of very few 
contraindications for shoulder arthroplasty, as is a neuropathic joint and active or recent 
infection. 
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2.2  Current concepts about the humeral component 
 
 
2.2.1 Restoring the anatomy 
 
An anatomical resconstruction of the joint is mandatory to restore normal kinematics and 
kinetics of the shoulder joint. The Neer II implant (3M, St Paul, Minnesota) was a 
monoblock structure (Figure 2.1). 
 
 
__________________________________________________________________________ 
Figure 2.1: Neer II total shoulder arthroplasty: Face X-Ray and axillary profile 
__________________________________________________________________________  
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It had only a few stem sizes and two head thicknesses with the heads based on a 25.4mm (1-
in) radius of curvature. At the time of its design, relevant anatomic data were sparse or 
nonexistent in the literature. The modular designs of the new prostheses are based on the 
clinical success of the Neer II implant and improve it with current thinking of implant 
fixation and anatomic design. 
 
2.2.2  Importance of the position of the centre of rotation and version of the 
humeral head 
 
A superior position of the prosthetic humeral head results in rotator cuff tendinopathy, 
superior humeral head migration and loosening of the glenoid component mainly owing to 
the “rocking horse” effect described by Franklin in 19889. Biomechanical experiments10 
have demonstrated that elevation of the centre of rotation by five to ten millimetres results in 
a significant reduction in the lever arms of all the rotator cuff muscles and therefore in a 
significant loss of abduction power of the respective muscles. Indeed, if the humeral head 
centre lies too superiorly, the subscapularis and the infraspinatus are converted from 
abductors into adductors and thereby substantially increase the load on the supraspinatus for 
elevation and abduction11. Also, superior displacement of the centre of rotation leads to a 
restriction of the range of abduction as a result of tightening of the inferior capsule11. 
If the humeral prosthesis is implanted too low and the centre of the humeral head is too 
distal, the greater tuberosity may impinge under the coracoacromial arch. This may result in 
pain and in an impairment of abduction. 
Insertion of a prosthesis without posterior offset of the humeral head moves the centre of 
rotation anteriorly12. This alters the lever arms of the internal and external rotators, 
weakening internal rotation. In addition the osteotomy surface may be uncovered posteriorly 
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because the posterior offset is not respected. The uncovered bone may impinge against the 
posterior glenoid rim on external rotation and then cause eccentric loading and aseptic 
loosening of the glenoid component. 
Early descriptions of shoulder arthroplasty technique recommended an osteotomy at 30° to 
45° of retroversion or fixed the inclination angle. The known variability in anatomical 
retroversion (ranging from 0° to 55°) and inclination (ranging from 30° to 55°) challenges 
this recommendation in favour of individualising the osteotomy for each patient so that it is 
more in line with the anatomical neck. Resection of the humeral head at the anatomical neck 
allows the restoration of the previous inclination and retroversion of the head13. This makes 
the case for  an adjustable implant. 
 
2.2.3 Size of the head and mismatch with the glenoid articulation 
 
The use of a non-anatomical, large humeral head component (oversized head) results in a 
substantial reduction in laxity of the joint and severe restrictions in flexion, abduction, 
external and internal rotation14. Excessive tension in the remaining capsule and rotator cuff 
at low angles of motion causes higher torques and early failure of the glenoid component. 
The normal shoulder allows a small amount of translation of the humeral head on the 
glenoid14. The anatomical glenoid and humeral radii are very similar, and the conformity 
index is the humeral head radius divided by the glenoid radius. 
This conformity is debatable. Common sense suggests that an anatomical arrangement might 
be best.  Prostheses in which the glenoid has a greater radius of curvature than the humeral 
head allow some translation. A high degree of mismatch between the radii of the glenoid and 
the humeral head increases contact pressures and polyethylene wear and may increase the 
strain in the rotator cuff muscles on active movement. In the anatomical setting the bone is 
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non-conforming; however, with the effect of the cartilage and labrum the joint becomes 
roughly conforming, and results in a flexible conformity.  Anglin et al.15 showed that a 
conformity of 0.8 to 0.88 (i.e. a radius of the humeral component smaller by 3-5mm) 
resulted in a natural transfer of forces and less off centre loading and so a more stable joint.  
In a large multi-centred trial of glenoid polyethylene cemented implants, Walch et al.16 
demonstrated a significant difference in the incidence of radiolucent lines with differing 
levels of mismatch.  In fact mismatch between 5.5-10mm was associated with less 
radiolucent lines with a mean follow up of 53.5 months.  No instability, which is a 
theoretical possibility with large mismatch, was demonstrated in this study. Two theories 
might explain the better results seen with non-conforming joints: non-conforming designs 
offer the possibility of transferring more load to the soft tissue during subluxation, thereby 
reducing the off-centre loads that are believed to lead to glenoid loosening15, the other 
possible explanation is that different wear particle sizes are created, and those created by a 
smaller humeral head are more favourable.  
However, a laboratory based study17 showed that exact matches between glenoid and 
humeral radii provided significantly better results, in terms of rim-displacement but not for 
shear out strength. Thus again, there is no consensus as to whether the joint should be 
conforming and, if mismatch is present, how much there should be. That being said the 
clinical evidence points towards a better result for a mismatch in the radii. 
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2.2.3.1  New design of modular implant 
 
Replacing the osteotomized head by a prosthetic head with equal diameter, version, 
inclination, thickness, and anatomical space positioning  results in restoration of the 
anatomical humeral head centre of rotation and therefore in restoration of the individual 
lever arms of the rotator cuff muscles.  
The new generation of humeral implants allows the version and the inclination to be 
adjusted. Additionally, eccentricities can be chosen in the plane of resection of the neck in 
order to reproduce the anatomy precisely. The availability of different humeral head sizes 
and different radii of curvature of the glenoid components allows the components to be 
paired with any size of humeral head while maintaining what is believed to be the optimal 
radial mismatch13. 
 
2.2.3.2 Humeral Component Fixation 
 
The humeral component can be implanted with fully cemented, proximally cemented or 
press-fit techniques. Fully cemented techniques achieve excellent initial stability and long 
term results4. Implantation of a press-fit prosthesis is less time-consuming and may result in 
less bone loss if a revision is needed. Earlier series reported that the use of press-fit 
techniques with cylindrical stems resulted in subsidence or complete radiolucent line after 
radiographic evaluation6, 18-21. The main reason is that, as Robertson et al.22 pointed out, the 
shape of the canal is more complex than previously recognized: The cross-sections of the 
proximal part of the humerus are elliptical, with a spiralling major axis from proximal to 
distal. As an alternative to fixation by cementing, techniques of press-fit stems with 
roughened surfaces that fill the canal when combined with impaction grafting show little 
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subsidence23. Matsen et al24 published in 2003 a prospective study of humeral fixation by 
press-fitting of a tapered metaphyseal stem. None of the humeri had a radiolucent line wider 
than, or equal to 2mm in more than two zones or had tilt or subsidence, but only 39% of the 
131 patients had no radiolucency.  
Proximal cementation techniques use less cement and may reduce the bone loss at the time 
of revision. Initial component stability must be considered if less cement is used. In a 
cadaveric study, Harris et al. 25 reported biomechanical stability comparisons of proximally 
cemented and fully cemented techniques and found no difference in micromotion. 
Nevertheless, no clinical studies have been made. 
 
 
2.3 Current concepts about the glenoid component 
 
 
The indications for glenoid replacement are controversial, and the procedure is not without 
risks.  It increases the operation time and is technically difficult as well as a source of 
complications, including glenoid fracture, misalignment and instability, vault perforation, 
overstuffing, and the need for complex bone grafting.  By its very nature the glenoid part of 
the total shoulder replacement brings inherent difficulties.  It is a small surface, it does not 
have a large bone stock, and in most cases there will be disease that will have altered the 
structure of the glenoid. Indeed, hemi-arthroplasty is gaining in popularity because of the 
uncertainty about glenoid fixation. However, in order to assess the merits of hemi-
arthroplasty over total shoulder arthroplasty the risk of glenoid component loosening has to 
be balanced against glenoid erosion, which makes a later conversion to a total arthroplasty 
difficult and the prognosis unsatisfactory26. Commonly reported glenoid revision rates vary 
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between 0 and 12.5 per cent27 at follow-up generally longer than 3 years, whereas 
Gartsman28 reported a hemi-arthroplasty-to-total-arthroplasty revision rate, specifically for 
concentric osteoarthritic shoulders, of 12 per cent at only 3 years. However, as will be 
discussed later, this high revision rate of hemi-arthroplasties may be specific to the type of 
humeral implant.  
The glenoid component may be constructed as either all-polyethylene or metal-backed 
polyethylene, and may use different fixation methods: keel, pegs, screw, and also different 
types of fixation: cemented or non-cemented. 
 
2.3.1 All polyethylene or metal-backed construction 
 
Neer’s initial design, which continues to be the most widely used, consists of an all-
polyethylene component with a fixation keel.  Since the time of its introduction, metal 
backing, and screws and pegs for fixation of the polyethylene components have been tried.  
Controversy exists about whether metal backed glenoids are better.  Metal backing offers 
possible advantages.  Bone is able to grow into porous metal forming a tight bond, 
particularly if the proximal part of the metal is coated with hydroxyapatite. Finite element 
analysis (FEA) has shown that metal backing improves stress transfer29; however, metal 
backing has shown higher peak stresses30.   
Boileau et al.31 conducted a prospective, double-blind, randomised study of 40 shoulders and 
showed that the cementless, metal-backed components were statistically inferior (at 3 years) 
to the cemented all-polyethylene components. However, Wallace et al.32 retrospectively 
reviewed 58 shoulders and found no difference after 4 to 7 years of follow-up, but this was 
not a randomized study. 
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2.3.2 Cement thickness 
 
There is no firm consensus on the best thickness of cement to be used. However, using a 
thick cement mantle will potentially lead to overstuffing of the joint or alternatively removal 
of too much of the subchondral bone, which has been found to be detrimental to the fixation 
strength of the implant33. Terrier et al.34, on the basis of a FEA of the stresses in the cement 
mantle and bone-implant interface, recommended a thickness of 1 to 1.5 mm. Nyffeler et 
al.35 warned against too thin a cement mantle as this may lead to an incomplete cement 
mantle and reduced strength of the mantle, which may then fragment. Rheumatoid arthritis 
may cause extensive destruction of the cancellous structures within the glenoid, when a thick 
cement layer may be needed.  
 
2.3.3 Peg or Keel fixation 
 
Two main anchorage systems have been designed to reduce loosening rates: keeled and 
pegged, and research has been carried out to see which is superior. The results of mechanical 
experiments in-vitro13 indicated that keeled implants were more prone to fixation failure than 
pegged components. Lacroix et al.36 using FEA showed that a pegged glenoid was superior 
in normal bone but a keeled glenoid was better in rheumatoid bone.   
Two clinical studies37, 38 reported the presence of radiolucent lines in follow-up of total 
shoulder replacements and corroborated these findings.  Lazarus et al.38 retrospectively 
reviewed 328 initial post-operative radiographs and found that pegged components had 
better cement seating and fewer radiolucent lines.  In a more recent study Gartsman et al.37 
performed a randomized study on radiographs taken six weeks after surgery, and again 
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found less radiographic lucency with the pegged fixation.  This result is difficult to interpret 
because, as mentioned below, the significance of radiolucency is not certain and in addition 
the interpretation of radiolucencies around pegged and keeled components is inherently 
different. 
An additional point was demonstrated by FEA by Murphy et al.39 who showed that a keel 
offset anteriorly had lower cement stresses. 
  
2.3.4 The radiolucent line 
 
As regards total hip arthroplasty (THA), there is a concensus perception that serial 
radiographs obtained from the same office of a single surgeon‘s practice for extended 
periods using similar techniques represent the best available source for obtaining long term 
data on bearing surface wear after THA40,41, Therefore, radiolucent lines were used in many 
TSA studies as a marker for progressive failure and loosening of the glenoid component 
(Figure 2.2). However, there is no defined agreement on how wide the radiolucencies need 
to be before they are considered significant. In fact , no consensus exists as to wether the 
correlation is as clear as in THA.  
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__________________________________________________________________________ 
Figure 2.2: Radiolucent line (Face X-Ray and axillary profile) 
__________________________________________________________________________  
 
Torchia et al.42 followed up 113 Neer prostheses and, using a figure of greater than 1.5mm, 
found a significant correlation between radiolucent lines and pain.  Other clinical reports 
have disagreed, saying that there is no correlation43. Using radiostereophotogrammetric 
(RSA) techniques, Rahme et al.44 found no correlation between migration and the presence 
of radiolucencies.  This is an important issue as the incidence of radiolucencies varies 
between 30-90%6, 21, 39, 42, 43. Loosening is not an event, it is a continuous process, and the 
immediate post-operative radiolucencies are possibly not significant; however the 
progression in size of radiolucencies is thought to be more significant, but there is little 
scientific evidence. 
  
 43 
2.3.5 Curved or flat-backed implants 
 
In an all-polyethylene component, the back of the implant bonded to the cement mantle can 
be curved (convex) or flat-backed. Very few studies have compared the two types of 
implants.  Szabo et al.45 performed a clinical evaluation of the incidence of radiolucencies.  
Both components had a keel component and the incidence of radiolucencies at the keel was 
statistically different immediately post-operatively, but there was no difference seen at the 2 
year follow-up. This is the only clinical study and was not randomized, in fact separate 
surgeons operated with the different implants.  In a non-clinical study Anglin et al.15 showed 
that a curved-backed prosthesis performed significantly better, having half the post-rocking 
tensile movement, and also found that the flat-backed glenoid permanently deformed the 
surface of the bone substitute.  
Again there is no conclusive evidence about whether the prosthesis should be curved; 
however, the small amount of evidence available suggests that it might be advantageous. 
 
 
2.4 Constrained or semi-constrained total shoulder implants: the 
reversed prosthesis 
 
 
In the context of shoulder prostheses, “constraint” refers to the ability of the joint to resist 
subluxation in the plane of the glenoid. This usually refers to how cupped the articular 
surface of the glenoid component is, because a deep concavity provides greater restraint to 
subluxation of the humeral head. A large degree of constraint means that large shearing and 
tilting loads could be applied to the glenoid fixation, instead of the soft tissues being tensed 
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as a result of subluxation of the humeral head. Taken to an extreme, some prostheses had a 
spherical metal head that was snap fitted into a polyethylene socket deeper than a 
hemisphere. This constrained the joint fully against translational subluxation, so that it 
remained stable even in the absence of the rotator cuff. Some of these designs had a 
‘reversed’ configuration, with the metal ball mounted onto the glenoid and the polyethylene 
socket in the humeral head. A total shoulder arthroplasty developed in Stanmore in the 
1950s, using a strongly constrained articulated unit in patients with loss of the rotator cuff 
but with a functional deltoid muscle, was popular in the early 1970s. However, high rates of 
loosening and complications led to the discontinuation of the use of such implants5.  
The new generation of reverse prostheses was developed in France by Grammont et al.46 in 
1985. The first model had only two components. The glenoid component was a metallic or 
ceramic ball, designed to fit over the glenoid like a glove, and was fixed with cement. The 
humeral component was a polyethylene socket. Its concave surface was one third of a 
sphere, and its stem was trumpet-shaped for cementing into the humeral medullary canal. 
The second model was the Delta III reverse prosthesis (Figure 2.3), available since 1991, and 
has five parts: the glenoid base plate (metaglene), the glenosphere, the polyethylene humeral 
cup, the humeral neck and the humeral stem.  
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__________________________________________________________________________ 
Figure 2.3: Delta 3 reversed prosthesis: presence of scapular notching 
__________________________________________________________________________  
 
In the Delta III prosthesis, fixation is uncemented for the glenoid components and either 
cemented or uncemented in the humerus. The main biomechanical advantages of the reverse 
prosthesis according to Grammont’s concept are as follows: the large ball offers a greater 
potential arc of motion and more stability than a small ball; the small lateral offset (absence 
of neck) places the centre of rotation directly in contact with the glenoid surface and reduces 
the torque at the point of fixation of the glenoid component; medializing the centre of 
rotation recruits more of the deltoid fibres for elevation or abduction, and lowering of the 
humerus increases tension on the deltoid47.  
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These biomechanical properties lead to better functioning of the deltoid, compensating for 
the lack of a functional rotator cuff. Many clinical studies show very good early results in 
terms of elevation and abduction, with elevation from 120° to 138° for a series concentrated 
on cuff tear arthropathy, with follow-up ranging from 2 to 7 years47, 48. However, active 
external rotation is deficient or absent, and the internal rotation is often limited. Its main 
causes are the limitation of the excursion of the cup around the ball owing to the design of 
the prosthesis itself and the medialization of the centre of rotation, and therefore the 
decreased possibility to use the posterior or anterior fibres of the deltoid to compensate for 
the rotator cuff deficiency. The other unsolved problems are the rate of glenoid component 
loosening, reported in 2 to 5 per cent49-51 of the cases, a few cases of instability reported in 
all series, and the presence of scapular notching in more than 50 per cent of patients as 
observed in all series. Scapular notching is thought to be caused by a cascade of events 
initiated by impingement of the humeral cup against the scapular neck thereby releasing 
polyethylene particles52 and in turn  triggering an osteolytic response. To minimise this 
problem, it has been suggested that the glenoid component should be placed as low (distal) 
as possible, with a slight inferior tilt of 15° to 20° after reaming more inferiorly53. 
 
 
2.5 Other concepts of shoulder arthroplasty 
 
 
2.5.1 Surface replacement (hemi-)arthroplasty of the shoulder 
 
Copeland Cementless surface replacement arthroplasty (CSRA) of the shoulder differs in 
many aspects from the stemmed shoulder prosthesis. The concept of the design is 
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replacement of only the damaged joint surfaces and attempted restoration of normal anatomy 
with minimal bone resection54. 
There are several theoretical reasons for using a stemless design55 in the arthritic shoulder, 
but the unquestionable advantage that this bone-preserving prosthesis has over more 
traditional prostheses is the relative ease with which it can be revised should this become 
necessary. The indications for surface replacement are exactly the same as those for any 
other prostheses used in the treatment of arthritis55. The only contra-indications are patients 
with severe bone loss, acute fractures, and non-union of fractures.  
 
 
__________________________________________________________________________ 
Figure 2.4: CSRA of the shoulder 
__________________________________________________________________________  
 
While the CSRA system includes a cementless hydroxyapatite-coated metal-backed glenoid 
component (Figure 2.4), it is increasingly used as a hemiarthroplasty55 arguably in line with 
the overall goal of preserving as much bone stock as possible for later revision. As 
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mentioned in the introduction to section 3, a main concern about hemi-arthroplasty is erosion 
of the glenoid, leading to high revision rates of hemi-arthroplasties to total shoulder 
arthroplasties (12 per cent at 3 years28). However, this revision rate is reported to be only one 
per cent at four years55 when using surface replacement. The reason for this much lower 
revision rate is not clear but may be associated with the relative ease with which an 
anatomical position of the humeral component is achieved when using a surface 
replacement.  
Recent follow-up studies of CSRA replacements performed over the last 20 years reported 
overall results as good as those published for stemmed prostheses54, 56, 57. Levy and 
Copeland54 also noted the high incidence of lucency at the humeral and at the glenoid 
component of 29.4 per cent and 52.9 per cent respectively. Current recommendation is to use 
hemi arthroplasty unless there is non-concentric erosion or saddle-shaped erosion of the 
glenoid, even if, according to the authors , since the addition of hydroxyapatite no 
radiolucent line was observed 55. 
 
 
2.5.2 Bipolar arthroplasty 
 
This technique is based on the principle of the simple humeral arthroplasty but adding a 
larger diameter mobile shell around the head (Figure 2.5). This technique attempts to gain 
the following advantages: increased mobility due to the lateralization of the centre of 
rotation and the increase of the muscular lever arm, increased stability of the prosthetic 
shoulder, reduced glenoid and acromial wear in contact with the prosthetic head.  
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__________________________________________________________________________ 
Figure 2.5: Massive Cuff tear arthropathy treated by bipolar arthroplasty 
__________________________________________________________________________  
 
It can be used as a surgical alternative in case of massive cuff tear arthropathy, but many 
researchers recommend it only with an intact coracoacromial arch58-60. Very few cases have 
been published in the literature; even if pain relief was achieved, the function remained low 
after the procedure. 
Duranthon et al.58 emphasized the risk of glenoid bone stock erosion or acromial fracture and 
recommend it only as a salvage procedure for cuff tear arthropathy in a patient under 70 
years old, with severe limitation of external rotation and asymmetric glenoid erosion or a 
deep and concentric erosion of the glenoid. 
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2.6 Conclusion 
 
 
So what is the future for shoulder arthroplasty?  Clearly more research is needed. What is 
needed in the long term are large randomised trials to settle the fundamental questions of 
what type of replacement and which kind of fixation should be used. However, this ideal is 
very difficult to implement as there are such small numbers, and many patients are lost to 
follow-up often due to death as the patient group is old.  
 
However, biomechanical research in the laboratory can find future avenues of clinical 
research, and should be focused first about the comprehension of glenoid loosening, which is 
the major cause of total shoulder arthroplasty failure, and also the comprehension of the 
significance of radioluscent lines so often seen but with no clear understanding about their 
relationship to failure. 
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Chapter 3 
Glenoid loosening after Total Shoulder Arthroplasty: An in vitro CT-
Scan study 
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3.1 Introduction 
 
 
As the literature review emphasizes (chapter 2), the main complication after total shoulder 
arthroplasty (TSA) is aseptic loosening of the glenoid component. Bohsali et al.61 reviewed 
33 clinical studies including 2540 TSAs from 1996 to 2005 and reported the incidence of 
aseptic loosening to be 39%, with 83% involving the glenoid component. For case series 
with more than 10 years follow-up, the incidence of radiolucent lines around glenoid 
implants was 80%. 
 
3.1.1 Current methods used in studies of glenoid fixation failure 
 
Franklin et al.9 suggested that the cyclic eccentric loading of the humeral head on the glenoid 
was responsible for loosening. This mechanism, termed “the rocking horse effect,” has 
become the gold standard explanation of glenoid failure. Anglin et al.62 designed a laboratory 
test, which reproduced the rocking horse mechanism, which has since been accepted as the 
ASTM (American Society for Testing and Materials) standard method for evaluating 
loosening of glenoid implants. The method measures horizontal movements at the superior 
and inferior implant edges as an indicator of initiation and propagation of fixation failure63. 
However, the method provides no direct or detailed data about fixation failure and reflects 
the inherent problem for such studies in that the fixation region is embedded within the bone 
and not directly visible.  
Beside laboratory studies, clinical studies, using radiolucent lines observed on plane 
radiographs to estimate glenoid failure, provide at best questionable information. The 
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reported incidences of the radiolucent lines vary greatly (from 0 to 100%61), and the 
association of radiolucent lines with loosening is questionable (confer Chapter 2, paragraph 
2.3.4). 
Finite element analysis (FEA) has been used to provide data about fixation and the 
likelihood of failure30, 64-69. Such studies provide stress information in the fixation area, but 
without supporting experimental studies, FEA predictions are tentative. 
 
 
3.1.2 Current understanding and controversies of the fixation failure scenario 
 
An implication of the rocking horse mechanism is that the fixation region opposite to the 
eccentric loading67 is in tension and that, therefore, is a likely area of failure. This is 
consistent with clinical studies that report a higher rate of glenoid failure with complete 
rotator cuff tears, because the lack of rotator cuff increases the superior eccentric loading of 
the humeral head9. 
However, other studies report cases without rotator cuff tears reports but with radiolucent 
lines not only beyond the inferior glenoid rim (explained by the rocking horse mechanism), 
but also lines all around the glenoid implant, even beyond the superior glenoid rim70. Such 
inconsistent results question the location of failure and how the rocking horse mechanism 
induces failure. 
Several FEA studies assumed the weakest link in fixation is the bulk cement30, 67, while 
many clinical studies indicated that the bone-cement interface is the most critical40, 70, 71. This 
latter conclusion is based on radiolucent lines at the bone-cement interface. However, 
interpretation of radiolucent lines is difficult, and radiographs often cannot be used to 
identify a debonded interface between the implant and cement or cracks in the cement. 
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Finally, some retrieval studies72 reported failure in the implant-cement interface while other 
retrieval studies70, and our own observations of retrieved implants (Figure 3.1 and 3.2), show 
various failure modes with the cement only partly attached to the implant (typically around 
the keel or pegs but not the backside).  
 
 
__________________________________________________________________________ 
Figure 3.1: Revision of loosed all polyethylene glenoid component showing various failure 
modes with some cement attached to the component and some to the bone of the glenoid 
socket. Some cement is attached to the keel but not to the backside of the component (on the 
right) and some cement is attached to the subchondral bone and to the keel slot of the 
glenoid socket (on the left) 
__________________________________________________________________________  
At last, other retrieved components series report failure at the bone-cemented interface, 
associated with cavities filled with granuloma. This glenoid failure scenario is similar to the 
well described aseptic loosening mechanism of hip or knee arthroplasty implants: debris 
generated at the bearing surface stimulates cellular response leading to osteolysis and 
loosening of cemented components.( gruen,  
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__________________________________________________________________________ 
Figure 3.2: Revision of loosed metal-backed glenoid component showing failure at the 
cement-bone interface, with cement attached to the backside (yellow arrow) and to the keel 
(black arrow) of the component. 
__________________________________________________________________________  
 
In summary, no clear understanding of where and how glenoid fixation fracture initiates and 
progresses to final gross failure exists, primarily because no established methodology 
enables accurate description of fixation failure in vitro or in vivo. This thesis proposes that 
CT scanning, adapted specifically for the purposes of investigating glenoid loosening, may 
present a methodology capable of detecting, monitoring and describing glenoid loosening. 
 
3.1.3 Aims of the study 
 
Therefore, our two main aims were: 
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- to evaluate the use of a clinically relevant CT-technique for providing detailed direct 
measures of glenoid failure ; 
- to assess the glenoid fixation after implantation and the fixation fracture interface,  
- to determine where glenoid fixation fracture initiates and how this failure propagates; 
- and to validate CT-scans results by comparison with microscopy results. 
 
 
3.2 Description of the experimental method 
 
 
Twelve specimens were used: 6 polyurethane bone substitutes and 6 fresh cadaver 
specimens. The use of bone substitutes was due to scarcity of cadaver material and the desire 
to evaluate their use for studies on fixation failure. Three bone substitute specimens were 
closed-cell (Last-a-foam, General Plastics, Inc.; density: 320 kg/m3 ; compressive strength: 
8.8 MPa; compressive modulus: 260 MPa) and 3 were open-cell (Last-a-foam, density: 88 
kg/m3 ; compressive 8 strengh: 0,11 MPa; compressive modulus 6.2 MPa). These were cut 
into rectangular specimens (50x50x40mm). The cadaver specimens were chosen so that 
glenoid dimensions matched a medium size glenoid implant. The scapulae were sectioned so 
that each specimen consisted only of the glenoid, the neck, and the infraglenoid tubercle. 
These specimens were then fixed (Simplex Rapid, Kemdent Works, Purton Swindon, UK) in 
PMMA blocks, and a glenoid component (curve-back, keeled Aequalis) was implanted in 
each. Standard surgical techniques,including the specific Aequalis glenoid implant tools, 
were used. Cement (Simplex Rapid) was hand mixed at room temperature and finger 
pressure used to form a cement layer on the bone and implant side. A resulting glenoid 
specimen is shown in Figure 3.3. 
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__________________________________________________________________________ 
Figure 3.3: Cadaver sample fixed in a PMMA block for testing. 
__________________________________________________________________________  
 
A 64 multislice CT scanner (Light Speed VCT, General Electric), set at scanner settings 
applied in current clinical practice (Table 3.1), was used to obtain 1 mm thick contiguous 
slices with in-plane resolution of 11.02 lp/cm x 10.69 lp/cm (0.45 mm x 0.47 mm) calculated 
using modular transfer function. 
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Scan Options Helical Mode 
U (kV) 140 
I (mA) 55 
t (s) 1 
N*hcol (mm) 20 
TF (mm) 10.6 
hrec (mm) 1.3 
p 0.5 
 
__________________________________________________________________________ 
Table 3.1. Clinically relevant CT-scanner settings used in this study. 
__________________________________________________________________________  
 
3.2.1 Assessment of the fixation immediately after implantation: 
 
Presence of air bubbles or lack of cement bonding can occur in clinical practice due to 
imperfect surgical procedures, the latter viewed radiographically as lines immediately after 
implantation. Such initial defects may contribute to failure. Hence, CT-scanning was 
performed prior to mechanical testing, and the presence of radiolucent lines and their 
locations reported. 
 
3.2.2 Analysis of glenoid fixation fracture: 
 
One aim was to establish the initiation site of fixation fracture under cyclic loading in: the 
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superiorly loaded region where glenoid fixation is exposed to high compressive and shear 
stresses; in the inferior region that, according to the rocking horse mechanism, is exposed to 
tensile stresses; or in regions of stress concentrations such as around the corners of the keel. 
Another aim was to establish how fracture propagates and whether fracture occurs in the 
implant-cement interface, the cement; the cement-bone interface, or in the bone adjacent to 
the fixation. 
A biaxial apparatus, described in ASTM F 2028-0274 , was connected to the crosshead of a 
mechanical testing machine (Instron 5882, EPS 248). This set-up compressed the humeral 
head against the glenoid using a pneumatic actuator while the head was translated parallel to 
the glenoid plane in the infero-superior direction (Figure 3.4).  
 
 
__________________________________________________________________________ 
Figure 3.4: Modified ASTM F 2028-02 standard test method for glenoid loosening. The 
humeral head is compressed against the glenoid specimen while also translating 2.7mm from 
the center of the glenoid parallel to the glenoid plane in the superior direction. 
__________________________________________________________________________  
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A 750 N compressive load was applied while the head was cyclically displaced at 0.5 Hertz 
from the center of the glenoid to 90% of the superior subluxation distance (as determined 
from a previous subluxation test). All specimens were tested at room temperature. 
The movement of the head is a slight modification to that specified in the ASTM standard, 
which specifies a cyclic movement of ±90% of the subluxation distance. The head is 
therefore repetitively compressing the superior and inferior parts of the glenoid, making it 
impossible to determine if observed glenoid fracture is due to tension or compression/shear. 
By modifying the test, the superior the interface was only loaded in compression and shear, 
while the inferior part was loaded in tension. 
The visualization of fracture, identified as regions or ‘lines’ of radiolucency, was achieved 
by CT-scanning each implant after 1000, 5000, 10000, 30000, 50000, and 70000 cycles. 
70000 cycles represent 18 high-load activities such as getting out of a chair or lifting a 
suitcase per day for 10 years62. 
 
3.2.3 CT results validated against microscopy results:  
 
CT-scanning to characterize fixation fracture of the glenoid is unproven; the aim was to 
evaluate and validate this methodology. After testing each cadaver specimen to 70000 
cycles, it was cut in the sagittal plane of the glenoid using a precision saw (310 CP band 
saw; Exakt Technologies). This divided the specimen into two equal parts through the keel, 
so the fixation region could be observed (Figure 3.5).  
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__________________________________________________________________________ 
Figure 3.5: Cadaver specimen tested to 70000 cycles and sectioned sagittally to expose the 
fixation. The 5 regions of fixation are indicated. The periphery of the cement mantle is 
outlined. 
__________________________________________________________________________  
 
The glenoid fixation was inspected for fracture using microscopy (Nikon SMZ-10A), and 
the results compared with CT images of the same specimen. 
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3.3 Results 
 
3.3.1 Assessment of fixation immediately after implantation  
 
A radiolucent line was found in the cement-bone interface in the superior part of the fixation 
in 2 of the 6 cadaver specimens. Air bubbles were present in 2 other cadaver samples and in 
5 of the 6 bone substitute samples. The air bubbles were located in the cement layer or at the 
cement-bone interface. 
 
3.3.2 Analysis of glenoid fixation fracture  
 
Fractures in the superior part of the glenoid fixation (region “1” in Figure. 3.5) involved the 
edges of the implants, and fracture propagated towards the keel (Figures 3.6 and 3.7). 
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__________________________________________________________________________ 
Figure 3.6: CT images showing fracture progression in the superior part (region 1) of the 
fixation on sagittal slices of a cadaver (top row) and a bone substitute (bottom row) sample. 
The “1/3” indicates that a radiolucent line was detected in the region above the “1/3” line in 
the left image but had not propagated beyond the “1/3” line. “2/3”indicates that the line had 
progressed beyond the “1/3” line, but not past the “2/3” line. “3/3” indicates that the line had 
passed the “2/3” line. 
__________________________________________________________________________  
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__________________________________________________________________________ 
Figure 3.7: Progression of radiolucent lines in superior region “1”, totaled over all specimens 
with number of cycles. Results are from the six cadaver specimen (top) and the bone-
substitute specimens (bottom). “1/3”, “2/3” and “3/3” designations are explained in the 
caption of the Figure 3.6 
__________________________________________________________________________  
 
A similar sequence of initiation and propagation was observed in the inferior part of the 
fixation (region “5” in Figure 3.8) for all 12 specimens.  
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__________________________________________________________________________ 
Figure 3.8: Progression of radiolucent lines in inferior region “5”, totaled over all specimens 
with number of cycles. Results are from the six cadaver specimen (top) and the bone-
substitute specimens (bottom). “1/3”, “2/3” and “3/3” designations are explained in the 
caption of the Figure 3.6 
__________________________________________________________________________  
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A summary of the results is provided in Figures 3.7 and 3.8 for the superior and inferior 
region, respectively. In several cases, some radiolucency in the fixation around the keel 
(region “2”, “ 1 3” and “4” in Figure 3.5) was noted, but these observations were too 
ambiguous to report with any certainty. Kolmogorov Smirnoff 2-sample Test revealed no 
significant difference between cadaver and bone substitute specimens in distribution of the 
fracture progression (Figures 3.7 and 3.8). In all specimens, fixation fracture was observed 
in the cement-implant interface, never in the bulk cement, in the bone-cement interface, or in 
the bone adjacent to the fixation. 
The initial radiolucency at the bone-implant interface in 2 specimens had no obvious effects 
on initiation and propagation of the radiolucency in the implant-cement interface, and as a 
result a “double” crack separating the cement layer from the implant and the bone was 
created (Figure 3.9). The presence of air bubbles also had no obvious effect on fixation 
failures. 
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__________________________________________________________________________ 
Figure 3.9: Comparison of CT images and optical micrographs. Note “double” crack in the 
superior region (region “1”) in both CT images and micrographs. 
__________________________________________________________________________  
 
3.3.3  CT results validated against microscopy results:  
 
No control specimen was cut before loading. After the end of the loading, the radiolucencies 
visible in the superior and inferior regions of the fixation of the CT image consistently 
matched the cracks observed using microscopy (Figure 3.9 and Table 2).  
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__________________________________________________________________________ 
Table 3.2. Observations of Failure around the Glenoid Implant in Cadaver Specimens Using 
Two Techniques: Optical Microscopy and CT-Scanning 
‘‘+’’ indicates fixation failure was observed. Shaded data indicate where observations using 
the two techniques matched. The zone numbers in the first column refer to the numbering in 
Figure 3.5. 
__________________________________________________________________________  
 
The two techniques matched well in regions 1 and 5, however, in regions 2, 3, and 4 the 
microscopy analysis showed cracks, whereas any CT-detected radiolucencies in these 
regions were too uncertain to report. Although cracks around the keel were visible using 
microscopy, these cracks were not as wide as the cracks in regions 1 and 5. 
This may explain the difficulty in identifying these cracks using the CT technique.  The 
microscopy results, like the CT scan results, showed that failure occurred in the implant-
cement interface (Figure 3.9). The “double” crack (Figure 3.9, superior part) was discernable 
in both CT images and on microscopy, demonstrating that the CT technique is able to 
differentiate these two types of failures and hence provides a tool for accurately describing 
fixation fracture. 
In all cases, interface debonding was observed at the cement-implant interface around the 
hole in the keel of the implant. We did not detect this failure using the CT technique. 
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3.4 Discussion 
 
In all tests the crack initiated from the rim of the glenoid fixation, consistent with some finite 
element predictions30, 64, 65. From there it progressed towards and subsequently around the 
keel. At the end of the test (70000 cycles), all but one sample exhibited fracture in the 
superior and inferior fixation, while regions around the keel remained partly intact (Table 2). 
Consequently, fixation failure in the compressive-shear region (superior) developed 
independently from the tensile inferior region.  
A tendency existed for the compressive-shear failure in the superior region to develop before 
the tensile failure (Figures. 3.7 and 3.8). The rocking-horse mechanism and resulting inferior 
tensile loading has long been the accepted failure mode that has guided research and implant 
development. The observation of a compressive-shear failure enhances understanding of 
glenoid implant failure. The geometrical features of the keel that cause stress concentrations 
appear less critical than previously thought. Conversely, modifications to the rim, such as 
modified implant rim geometry, bone reaming, or cementing, that lower the stress 
concentration around the rim would likely prevent or delay loosening. 
We considered fracture of the fixation has the failure mode most relevant to glenoid 
loosening. Other failure modes such as cement creep or bone yielding were likely present, 
but went undetected by our methodology. However, the link between these failure modes 
and glenoid loosening is tenuous. Perhaps crushing of the trabecular bone in the superior 
compressive region might be more critical to loosening. We did not detect such crushing, but 
this might be a limitation of our methodology. Small cracks in the cement mantle might have 
gone undetected by the CT-methodology. However, the cement mantle appeared intact when 
sectioned, and microscopy did not reveal signs of cement damage. 
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In all specimens, fracture initiated and propagated in the cement-implant interface. This 
interface is therefore the weakest link of fixation. If the strength of this interface can be 
increased, then overall glenoid fixation strength could improve. This is consistent with 
observations by Anglin et al.15, who reported that a smooth-backed polyethylene glenoid 
components failed almost immediately, while when the backside of components were sand 
blasted, presumably leading to a stronger implant-cement bond, they did not seem loose 
even after 200000 cycles of testing. This finding suggests that little would be gained from 
efforts aimed at using stronger bone cement or improved bone preparation techniques. Of 
course, if the cement-implant interface is strengthened, it will no longer be the weakest link; 
improving other aspects of the fixation would then become relevant. 
Limitations to our study should be noted. In this invitro study the implants were inserted 
under ideal surgical conditions in reasonably good quality bone. In the surgical setting the 
joint exposure is far more limited, blood and other fluids may be difficult to control, and the 
bone is often sclerotic, all of which may lead to poor bone-cement bonding. Such poor 
bonding in the clinical setting may be inadequately represented in our study and may explain 
why clinicalstudies70, 71, in contrast to our in vitro results, often indicate failure in the bone-
cement interface. 
Our study does not account for any possible biological mechanisms such as osteolysis or 
bone resorption that may reduce the bone-cement interface strength in the clinical setting. 
However, if long-term clinical failure is predominantly at the bone-cement interface, then 
our study provides a strong indication that biological effects play a significant role in glenoid 
failure (had the failure been purely mechanical, failure would occur in the implant-cement 
interface). 
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Finally, it would appear based on the results in Figures 3.7 and 3.8 that use of bone 
substitutematerials in studies of glenoid fixation fracture are appropriate, though the 
limitations just mentioned should be considered. 
The CT methodology was able to detect and monitor initiation and progression of interface 
fracture at the back of the implant. This has in principle been shown before by Yian et 
al70. However we believe our results present a clearer demonstration as our images did not 
suffer the metal artifacts created by the humeral head that complicated Yian et al.’s analysis. 
Furthermore, they did not verify that the radiolucent lines they observed using CT were 
indeed regions of disintegrated interfaces rather than, for example, an edge artifact caused by 
image reconstruction. In our study, we confirmed, using microscopy, that the radiolucencies 
observed using CT scans were indeed physical failures of the interface. 
The CT technique had difficulties detecting the narrow cracks around the keel (Table 3.2). 
This appears to be a limitation in resolution and indicates that very narrow interface debonds 
may be undetectable. 
 
3.5 Conclusion 
 
The laboratory based study of this section confirmed that the CT method was able to detect 
radiolucent lines with great clarity and that the CT detected radiolucencies are in fact 
identifying fracture of the fixation and are not merely image artifacts. The results are easier 
to interpret than those from standard radiographs, and the technique has potential in in-vivo 
studies of glenoid fixation. In-vivo, the obstacle for the CT method will be the metal artifacts 
due to the presence of the humeral head. Hence, in the clinical setting, a protocol that 
eliminates metal artefacts will need to be developed. The other potential obstruction for 
transferring the method to clinical studies will be the patient radiation doses of CT scans. 
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There is also a need of evaluating the radiation doses, which has not been made so far. 
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Chapter 4 
A new CT-scan protocol for assessment of glenoid loosening 
in clinical studies 
 
 74 
 
4.1 Introduction 
 
 
4.1.1 CT-scan issues in Glenoid implant fixation analysis. 
 
In current practice, patient evaluation after total shoulder arthroplasty is based on clinical 
and radiological assessments with plane and profile radiographs at regular follow-up 
intervals. As described Chapter 2 Paragraph 2.3.4, radiolucent lines are often seen around the 
glenoid implant on plane X-rays and are thought to be linked to glenoid loosening. The mean 
rate of radiolucent lines is reported to be 80%61 in series with more than 10 years of follow-
up and demonstrates the scale of the loosening problem if indeed the radiolucent lines are 
linked to loosening. However, there is no clear scientific evidence of what these lines 
signify. The reported occurrence of radiolucent lines also varies greatly between published 
studies (from 0 to 100%18, 20, 42, 61, 70, 75-79). Hence, it appears that the radiolucent lines seen 
on plane radiographs have only a tenuous link to loosening. One possible reason for this is 
that they may not be demonstrated reliably on radiographs, when present. 
Computed Tomography is used in other joint replacement to measure angles and analyse 
fixation of the components87. Subsequently both Yian et al.70 and Zilber et al.80  have used 
computed tomography (CT) to identify and assess radiolucencies in the glenoid fixation for 
the purposes of evaluating component loosening. However, they both concluded that major 
artifacts, caused by the metallic humeral head, severely blurred the images preventing a 
reliable analysis of the implant fixation. Such artifacts are a well-known problem in CT 
imaging of specimens that include materials of different density such as bone and metal. 
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We established an in-vitro CT-protocol that enables the detection and monitoring of 
mechanical failure of the glenoid fixation, described in Chapter 3. In that in-vitro protocol 
the glenoid was physically separated from the humeral head when CT-scanned, leading to 
the absence of artifacts from the CT images. Hence, it was verified that in the absence of 
artifacts the analysis was sound and the observed radiolucent lines did in fact represent 
physical failure of the fixation. However, in the clinical setting it is not possible to 
physically separate the metallic humeral head from the glenoid component. Hence, to 
transfer the methodology from the laboratory to the clinic, the protocol has to be modified to 
eliminate artifacts from the images. 
 
A main concern when using CT scanning is the radiation dose delivered. It is a commonly 
held view that its use should not be restricted when required for obvious diagnostic purposes 
and when there is no alternative radiological examination available81. In a recent review 
article, Brenner et al.81 have reported that “there is direct evidence from epidemiologic 
studies that the organ doses corresponding to a common CT study (two or three scans, 
resulting in a dose in the range of 30 to 90mSv) result in an increased risk of cancer. This 
evidence is reasonably convincing for adults and very strong in regards to children”. 
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4.1.2 Aims of the study 
 
The aim of this chapter of the thesis is to describe a simple and reproducible protocol that 
enables reliable detection and monitoring of radiolucent lines in the glenoid fixation using 
CT scanning in the clinical setting. This protocol essentially consists of: 1) greatly reducing 
metal artifacts in the CT images by modifying patient positioning within the CT-scanner, 
thereby providing clear images for analysis of the fixation; 2) greatly reducing the patient 
radiation dose by focusing (restricting) the CT acquisition field to the glenoid area. A 
secondary goal is to use this methodology to characterize radiolucent lines in ten patients, 
thus providing a demonstration of the usefulness of the method as well as a preliminary 
study for more extensive investigations involving larger numbers of patients. 
 
 
4.2 Method 
 
 
4.2.1 CT-scan protocol 
 
In order to demonstrate the feasibility of the proposed clinical imaging method, a shoulder 
prosthesis was CT-scanned while mounted in different orientations within a scanner (Figure 
4.1, top).  
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__________________________________________________________________________ 
Figure 4.1. a shoulder prosthesis mounted in two different positions within a CT-scanner. 
The humeral component was placed against an all-polyethylene glenoid component and the 
prosthesis was aligned perpendicularly (top left) and axially (top right) relative to the axis of 
the scanner. The opening of the CT scanner is shown and indicates the orientation of the 
specimen relative to the scanner. The glenoid component was fixed into a box using PMMA 
bone cement. CT-scan images (bottom left and right) of the artificial total shoulder 
replacement oriented perpendicular to, and parallel to, the 2-D CT acquisition plane. 
__________________________________________________________________________ 
 
The implant included a cobalt-chromium alloy humeral component (Aequalis Shoulder, 
Tornier Inc). This was articulated against an all-polyethylene glenoid component with a 
 78 
fixation keel. The glenoid component was fixed into a box using (Simplex Rapid, Kemdent) 
PMMA bone cement. The prosthesis was placed on the central axis of a CT scanner, oriented 
either transversely to the scanner axis (Figure 4.1, top left) or along the scanner axis (Figure 
4.1, top right). When the two prosthetic components were arranged axially, the plane of the 
CT slice was parallel to the gleno-humeral joint space. When the two components were 
oriented across the scanner axis, the plane of the CT slice cut through both the humeral and 
glenoid components and was perpendicular to the glenohumeral joint space. This latter 
orientation was similar to the normal clinical examination. 
In the classic patient positioning within the CT-scanner, the patient lies on the back, arms at 
the sides of the body. Therefore, the gleno-humeral joint is placed close to perpendicular 
relative to the CT-acquisition plane. As noted in previous studies70, 80 the resulting image 
quality is severely reduced due to the above mentioned artifacts. In the clinical setting, we 
propose that this issue can be resolved by taking advantage of the mobility of the shoulder. 
During shoulder abduction and flexion, the tilt of the scapula and the spinal side flexion 
allow the glenoid to be positioned in the transverse body plane. This positioning results in 
the gleno-humeral joint becoming near parallel to the CT acquisition plane. Figure 4.2 
illustrates the patient position adopted in this study to reduce the artifacts: patient in lateral 
decubitus or in 3/4 decubitus, allowing the scapula to tilt, and shoulder in maximal flexion. 
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__________________________________________________________________________ 
Figure 4.2. Patient positioning within the CT-scanner as adopted in this study: patient in 
lateral decubitus or in 3/4 decubitus, allowing the scapula to tilt, and shoulder in maximal 
flexion. 
__________________________________________________________________________ 
 
Before performing the actual acquisition process, scout views of the shoulder in two 
different planes (see Figure 4.3) were inspected to evaluate how closely the glenoid 
orientation matched the CT acquisition plane.  
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__________________________________________________________________________ 
Figure 4.3. Scout views of the shoulder with the most severely limited active flexion angle 
of the series and also indicating the angle (non-ideal alignment) between the glenoid 
orientation and the CT-scan acquisition plane. 
__________________________________________________________________________ 
 
If, judged by simple visual inspection, the deviation was deemed larger than 40 degrees the 
arm position was adjusted prior to the actual and high radiation dose acquisition process. 
The angular deviation between these two planes, which should ideally be zero, provided a 
means for evaluating the protocol’s sensitivity to non ideal orientations. 
To further reduce the radiation dose, the acquisition field of the CT-scanner was limited to 
the glenoid region of the scapula. The global radiation dose and the organs radiation dose 
were calculated using CT-Expo V 1.6® 17 software and compared with the radiation doses 
that would have been delivered with more extended acquisition fields. Of these two extended 
regions; one was defined as ranging from the tip of the cement of the humeral stem to the tip 
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of the scapula, while the other region ranged from the tip of the cement of the humeral stem 
to the inferior edge of the glenoid, referring to the above described patient position. 
A 64 multislice computed tomography patient scanner (Light Speed VCT, General 
Electric®), set at scanner settings applied in current clinical practice (Table 4.1), was used to 
perform the imaging. 
 
 
__________________________________________________________________________ 
Table 4.1. Computed tomography settings used (64-data acquisition system, Light Speed 
39 VCT, General Electric ®). 
__________________________________________________________________________ 
 
 The images were obtained from one-millimetre-thick contiguous slices with in-plane 
resolution of 11.02 lp/cm by 10.69 lp/1 cm (0.45 mm by 0.47 mm) calculated using modular 
transfer function (MTF). 
In summary, the protocol consisted of positioning the arm so that the glenoid plane matched 
the CT acquisition plane and limiting the acquisition field to the local glenoid region. 
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4.2.2 Patient population 
 
The CT-scan protocol was tested on a limited series of 10 patients operated from June 2002 
to January 2005. The mean follow-up was 45 months (range, 33 to 63; SD, 11). All these 10 
patients had concerning radiolucent lines on plane radiographs (9 patients) and/or 
unsatisfactory results at the last outcome assessment (2 patients) and it was deemed that they 
would benefit from a radiological examination. Ultimately, the proposed protocol was 
chosen because of its relative innocuousness. All patients were women, with a median age of 
70 years (range: 48 – 83). The six right and four left shoulders were operated because of 
osteoarthritis. The preoperative active motions of the involved shoulder were in abduction on 
average 53° (range, 20° to 120°; SD, 33°), in flexion on average 77° (range, 30° to 120°; SD, 
36°) and in external rotation on average 10° (range, 0° to 60°; SD, 19°). Three patients had 
full-thickness rotator cuff tears (two involving the supraspinatus and one the superior third 
of the subscapularis) detected on the pre-operative injected CT-scans, and which required to 
be reinserted at the time of surgery. Of the 10 osteoarthritic shoulders, 2 were classified 
Type A and the 8 others Type B according to the classification of Walch et al.71. During 
surgery, no reconstruction of the glenoid was needed before the glenoid implant cementing. 
Smith and Nephew Neer II Anatomic Shoulder components® were implanted. A superior 
approach, standard sized glenoid components and a first generation cementing technique was 
used in all cases. Two sizes of humeral heads were used: 15 mm in 7 patients and 22 mm in 
3 patients. 
Each radiograph (scout views, X-rays and CT-scan) was analysed for radiolucent lines by an 
orthopaedic surgeon as well as by two radiologists. In case of disagreement, the decision was 
taken according to a simple majority of two out of three. 
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The glenoid fixation was divided into 6 areas in the sagittal plane (Figure 4.4) and an 
evaluation of radiolucent lines in each area was made as suggested by Mole et al.15. 
 
 
__________________________________________________________________________ 
Figure 4.4. Radiolucent lines visualized within the glenoid implant fixation. Zone 1: Beyond 
the upper glenoid rim; zone 2: Beyond the upper part of the keel; zone 3: Beyond the middle 
part of the glenoid; zone 4: Beyond the inferior part of the keel; zone 5: beyond the inferior 
glenoid rim; zone 6: Around the keel hole. 
__________________________________________________________________________ 
 
Reconstruction in all three 3 orthogonal body planes (Figure 4.5) were used to facilitate this 
evaluation. 
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__________________________________________________________________________ 
Figure 4.5. Radiolucent line at the cement-bone interface (black arrows) visualized by using 
the described protocol, in the sagittal plane of the glenoid implant (first picture), in the axial 
plane of the middle part of the implant (second picture), in the coronal plane of the implant, 
passing through the keel hole (third picture). 
 
 
4.3 Results 
 
 
The results are shown in Figure 4.1. When the face of the gleno-humeral joint is oriented 
perpendicular to the acquisition plane of the CT-scan, major artefacts, caused by the 
presence of the metallic humeral head, obscure the image around the glenoid implant 
fixation (Figure 4.1, bottom, left). In contrast, when the gleno-humeral joint is oriented 
parallel to the CT-acquisition plane these artefacts are dramatically reduced if not eliminated 
(Figure 4.1, bottom, right). 
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4.3.1 Clinical and X-rays results 
 
The Constant score varied from 12 to 88 points at the latest follow-up. Three of the patients 
had very stiff joints with less than 50° of active flexion. On average, the active flexion angle 
was of 108° (range, 40° to 160°; SD, 46). No scapulo-thoracic or thoracic spine diseases 
were detected before performing the CT-scan. Progressive radiolucent lines were visualized 
in 9 patients (90%) with a mean Molé score of 6 points (range, 4 to 12; SD 3,7) at the latest 
radiological evaluation. 
 
4.3.2 CT-scan results 
 
Evaluated from the two scout views, on average, the mean angle between the glenoid plane 
and the CT acquisition plane was 27° (SD, 7°) for the 10 patients. Figure 3 shows the scout 
views of the patient with the most severely limited active flexion angle of the series. This 
non-perfect alignment between the glenoid and the acquisition planes only resulted in 
artefacts in small regions of the superior and posterior parts of the glenoid fixation while the 
majority of the fixation was clearly visible (see Figure 4.4). 
Figures 4.4 and 4.5 show the proposed CT methodology’s ability to visualize the radiolucent 
lines around the glenoid implant fixation. Figure 4.6 reports the results in terms of 
radiolucent line thickness and distribution according to the Molé scoring system summarised 
over all ten patients.  
 
 86 
 
__________________________________________________________________________ 
Figure 4.6. Mole scoring graph showing the accumulated number of radiolucent lines for ten 
patients. The graph differentiates between radiolucent lines of different thicknesses and 
shows the accumulated number of lines within each region for ten patients 
__________________________________________________________________________ 
 
Most notably, a radiolucent line was present in all cases and in 50% of the cases this line 
was wider than 1 mm. The detected radiolucent lines were always located in the bone-
cement interface. In 3 patients, osteolysis was present around the keel of the implant (Figure 
4.7).  
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__________________________________________________________________________ 
Figure 4.7. Osteolysis (indicated by the black arrows) visualized using the described 
protocol, in the sagittal plane of the glenoid implant (first picture), in the axial plane of the 
middle part of the implant (second picture), in the coronal plane of the implant, passing 
through the keel hole (third picture). 
__________________________________________________________________________ 
 
Osteolysis was defined as a zone of black density of more than 3 mm thickness located at the 
bone-cement interface. 
Table 4.2 reports the global radiation dose and the radiation dose to the organs as a result of 
the protocol used in this study.  
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__________________________________________________________________________ 
Table 4.2. Global as well as organ radiation doses (mean value and in brackets the standard 
deviation, both given in units of mSv) of three acquisition fields: (1) field limited to the 
glenoid region of the scapula (protocol used), (2) the region from the tip of the cement of 
humeral stem to the tip of the scapula and (3) the region from the tip of the cement of the 
humeral stem to the inferior edge of the glenoid. 
__________________________________________________________________________ 
 
For comparison, a calculation of the radiation doses in the case of larger acquisition fields is 
included. In the reported series we have limited the acquisition field to the glenoid and the 
global radiation dose was 2.6 mSv. If the acquisition field had included the humeral stem, 
the global radiation dose would have been doubled (to 4.6 mSv, Table 2), and if the field had 
also included the scapula, the radiation dose would have been more than 3 times higher 
(Table 4.2). The limitation of the acquisition field to the glenoid also avoided irradiating the 
brain, the eye lenses and the breasts as well as reducing the exposure of the Thyroid to less 
than half of the dose resulting from the conventional CT scan protocol. 
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4.4 Discussion 
 
 
The CT protocol described in this paper allowed the fixation of the glenoid implant to be 
visualised with few artifacts and, hence, enabled a more accurate analysis of implant 
loosening. Also, the patient radiation dose was dramatically reduced compared to standard 
CT scans of the shoulder. Using this method a radiolucent line at the cement-bone interface 
was identified in all patients included in this study (ten) and osteolysis was identified in 
three patients. 
The far better clarity of the CT images achieved in this study as compared to the earlier 
studies70,80 was achieved by aligning the CT and glenoid planes. To align the two planes the 
patient position was manipulated, which invariably led to some misalignment. However, 
within clinically relevant levels of misalignment the analysis was not very sensitive to the 
accuracy of this alignment. It is interesting to point out that, even with stiff post-operative 
gleno-humeral joints, the described protocol allowed good visualization of the glenoid 
fixation, because the scapula was still able to tilt, and because of the spine side flexion. 
However, if the alignment is very poor, due to diseases of the scapulo-thoracic space or of 
the spine that might prevent the patient from getting into the right position, the artifacts may 
become severe. Therefore, patients should be evaluated clinically before proceeding with 
CT-scanning. Another limitation of this study is that the clarity of the images and the 
radiation exposure was evaluated in one supposed “ideal position”, compared to the standard 
position. Therefore, in the future, investigation where the size/position of the region varies 
against severity of radiation dose and ability to observe lucencies should be carried out to 
come to a conclusion on the “true optimal patient position protocol”. 
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The incidence of radiolucencies as evaluated from plane X-ray films varies between 0-
100%18, 20, 42, 61, 70, 75-79. This large variation reflects the difficulty of using standard 
radiography for the purposes of evaluating loosening. The protocol reported here addresses 
this issue by producing a straightforward visualization of the glenoid fixation. 
Our in-vitro study described chapter 3 as well as some clinical studies72 have found 
radiolucent lines in the implant-cement interface while in the current study radiolucent lines 
were all located in the cement-bone interface. The latter finding is consistent with most 
observations from plane radiographic studies42. However, there may have been undetected 
thin radiolucent lines in the implant-cement interface. The radiodensity of the polyethylene 
implant was relatively low and, as seen from Figures 4.4 and 4.5, the implant appears dark 
on the CT images. 
Therefore, even if a radiolucent line was present in the implant-cement interface, it would be 
very difficult if not impossible to differentiate such dark lines from the implant. The method 
has to be developed further to enable detection of radiolucencies also at the implant-cement 
interface. 
Based on histological analysis of three retrieved glenoid components, Wirth et al.82 pointed 
out the role of osteolysis caused by polyethylene particles in aseptic loosening of the glenoid 
component. Wear particle granuloma has also been proposed as a cause of glenoid loosening 
through indirect data from another study of retrieved components83 and a Finite Element 
study65. In this study, osteolysis was detected in three patients, supporting the hypothesis that 
biological phenomena play a role in glenoid loosening. The CT-scan protocol described here 
provides an advantageous method for detection and monitoring of osteolysis in patients. 
In this study, which included only patients with a relatively short follow-up (on average 45 
months), there was a radiolucent line at the cement-bone interface in all patients and 
osteolysis in three patients. However, this was only a small series of 10 patients and a large 
 91 
series is required for reliable results. Also, nine patients for whom a radiolucent line had 
already been identified, using plane X-rays, were included. Consistent with this and using 
the proposed CT methodology, radiolucent lines were found in these nine patients. In one 
case, CT-scanning of the TSA was indicated due to very poor clinical results (using plane 
radiographs, radiolucent lines were not found). In this case, a radiolucent line at the bone 
cement interface was visualized using the CT methodology. According to this finding and to 
the accuracy of the visualization of the glenoid fixation with the CT method described, it is 
likely that this method can identify radiolucencies in advance of their being detectable on 
plane radiographs. However, further studies including more patients are warranted. 
We advocate limiting the CT acquisition field to the glenoid region, because humeral stems 
are very rarely a cause of concern after TSA. As a result of shrinking the acquisition field so 
as to exclude the humeral region the radiation exposure was reduced to a third or on average 
2.6 mSv (SD, 0.8 mSv) or to only a tenth of the radiation dose reported by Brenner et al.81 to 
have a proven link to cancer. Following the suggested low radiation CT-protocol, the use of 
one or two CT-scans in the elderly patient seems an acceptable level of radiation. However, 
the global irradiation exposure is 0.08 mSv for a plane radiograph and 0.088 mSv for 
aprofile plane radiograph14. Hence, many repetitions of our protocol is still a concern and 
careful consideration of the benefit to risk ratio is advocated before using the method to 
detect early failure following TSA. 
 92 
 
4.5 Conclusion and clinical relevance 
 
 
Taking into account the considerations addressed in the Discussion, we advocate, in routine 
radiological TSA outcome evaluation, the use of two CT-scans applying the proposed 
protocol, instead of plane X-rays. The first CT scan should be performed after implantation, 
when the patient has sufficient mobility to be scanned according to our protocol in order to 
collect early data of glenoid fixation. This may be at 6 month post-surgery. The second CT 
scan should be carried out if there is clinical concern about loosening of the implant. The 
comparison of the two CT scans will, as outlined in this paper, enable an evaluation of the 
status of the implant fixation and help the surgeon to decide whether the TSA should be 
retrieved or not. This might suggest a further CT scan, in order to evaluate progression of the 
signs of loosening. 
From Chapter 3 and Chapter 4 it is clear that this protocol allows clear visualisation of the 
implant fixation in patient studies and as such the CT methodology is established and ready 
to be used. However, the series was limited to ten patients, and the conclusions regarding the 
relationship between radiolucent lines and osteolysis to clinical outcome should be 
interpreted within this limitation. A more powerful study including a larger patient series 
will be carried out Chapter 6. Furthermore, the interpretation of the black area (so-called 
osyeolysis in this Chapter) indicating an area of low bone density and its link with biological 
processes related to aseptic loosening, is unclear and will be investigated further in Chapter 
5. 
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Chapter 5 
What is the process causing radiolucencies and osteolysis?  
(and Spect-CT: a tool in the decision-making to revise or not to revise) 
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5.1 Introduction  
 
 
Some studies of retrieved glenoid components have reported wear of glenoid implants, wear 
particles and granuloma formation all indicative of a wear induced biological response 
causing aseptic loosening82. This glenoid failure scenario is similar to the well described 
aseptic loosening mechanism of hip or knee arthroplasty implants73, However it is difficult 
to confirm the presence of this active process unless the implant is retrieved. Radiolucent 
lines and cavities adjacent to the glenoid component being may be demonstrated by X-rays 
or CT-scans. However, X-rays have been shown to be inconsistent and CT-scans are not 
routinely used for monitoring the progression of radiolucent lines and the development of 
osteolytic cavities. As such CT analyses, based on a single time point, are unable to 
determine if the radiolucencies are progressive and warrent surgical intervention or possibly 
harmless lucencies that have not changed since the index surgery.  
 
The current practice is to rely on conventional planar bone-scans or CT-Arthrograms in the 
decision-making for revision. Consequently, it is a dilemma to determine whether these 
cavities justify early revision. 
 
5.1.1 Definition of osteolysis as detected by CT images 
 
“CT osteolysis” is commonly defined as a zone of black density of more than 3 mm 
thickness located at the bone-cement interface89. In the same manner as for radiolucent lines 
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(Chapter 2 Paragraph 2.3.4), there is no clear evidence of what this “CT osteolysis” signifies, 
and if it is associated with an active biological process. 
 
5.1.2 Bone Spect-CT in detection of biologically active bone processes. 
 
Bone SPECT-CT is a hybrid imaging technique that combines the tomographic images from 
the conventional bone scan (Tc99m HDP/ Oxidronate) co-registered with CT slices acquired 
on a hybrid machine that combines both gamma camera and CT technologies. 
Bone SPECT-CT finds particular application in musculo-skeletal pathology84. The well 
described sensitivity for detection of altered / abnormal bone turnover on conventional 
scinitigraphy combined with exact lesion localisation and ability to assess the structural 
characteristics on underlying CT significantly improves diagnostic specificity.   
 
5.1.3 Aim of this chapter 
 
The main aim of this Chapter is to provide further evidence of the nature of the processes 
that cause osteolysis and ultimately glenoid loosening. An additional aim is to demonstrate 
that Tc99m HDP Bone SPECT-CT, as well as providing evidence to determine the causes of 
osteolysis, this new methodology can also be an important tool in routine surgical practise 
when deciding whether to revise a glenoid implant.  
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5.2 Materials, Methods and Patient selection 
 
 
The work of this chapter includes only a single patient. The patient was 63 years old at the 
time of the revision. The indication for her primary total shoulder procedure was advanced 
osteoarthritis. The initial procedure was performed in 1999 in another centre. No information 
on the rotator cuff status or on the evolution of the radiolucent line on plane radiograph were 
available. The initial outcome was reported by the patient as excellent, with a gradual 
deterioration over time. 
The patient presented to our clinic at ten years following the index procedure with persistent 
and severe pain. Active movement was restricted to 90° of forward flexion and 70° of 
abduction. On plane X-rays, we noticed a complete radiolucent line around the glenoid 
component with upward migration of the humeral head (Figure 5.1).  
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__________________________________________________________________________ 
Figure 5.1. Plain X-rays. 
__________________________________________________________________________ 
 
The humeral component was a press-fit type implant and also had radiological signs of 
radiolucency at its proximal part. An ultrasound scan confirmed the integrity of the cuff. The 
patient proceeded to arthroscopy to determine the cause of pain and to exclude infection. 
This confirmed the integrity of the rotator cuff. There were degenerative changes in the long 
head of biceps and a tenotomy was performed. Tissue cultures sampled from the joint 
excluded infection. The arthroscopic procedure did not provide any improvement in the 
patient’s symptoms.  
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5.3 Results 
 
 
The analysis of the interface and feasibility of revision of this component was assessed by 
CT-scanning according to the protocol suggested in this thesis. The scan demonstrated a 
zone of black density of more than 3 mm thickness at the bone cement interface of the 
glenoid (Figure 5.2) associated with major cortical defect of the glenoid shell.  
 
 
__________________________________________________________________________ 
Figure 5.2. CT-scan with patient in lateral decubitus and the arm elevated: Sagittal, Coronal 
and Axial views of the glenoid implant and fixation is shown from left to right. White 
arrows indicate the radiolucent zone representing a major cortical defect. 
__________________________________________________________________________ 
 
Subsequently a Bone SPECT/CT (GE Infinia Hawkeye 4) was performed to assess for any 
potentially active processes around the implant. The images shown in Figure 5.3 revealed 
avid tracer uptake that was localised to the radiolucent zone (osteolysis) on the CT-scan 
images of Figure 5.2. 
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__________________________________________________________________________ 
Figure 5.3. Spect-CT demonstrating avid tracer uptake around the glenoid implant fixation. 
__________________________________________________________________________ 
 
The diagnosis of aseptic glenoid loosening was considered highly likely, based on which it 
was decided to revise the glenoid. At revision surgery, the glenoid component was found to 
be loose and worn with granuloma formation. 
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5.4 Discussion 
 
 
In the reported case, the tracer uptake was localised to the area of cavitation and lucency on 
the CT-scan. This is evidence that an active biological process is taking place and the 
process is progressive calling for surgical intervention. This evidence of an active biological 
process and the subsequent observation during revision surgery of a worn glenoid and the 
presence of granuloma at the bone-cement interface support the proposal of other Nho et 
al.85 that the process is that of a wear induced biological response causing aseptic loosening.  
 
Increased tracer uptake demonstrates active bone turn-over. According to previous use of 
bone scanning in knee or hip arthroplasty, increased uptake can be visualised for up to 2 
years after joint replacement, due to bone remodelling86. After 2 years, especially for a non 
ambulatory joint like shoulder, active process around glenoid fixation is very likely to be 
pathological86 (aseptic or septic loosening), especially when associated with osteolysis on 
CT-scan. Conversely CT evidence for lucency or cavities around the implant without 
increased tracer uptake are probably not of pathological significance. 
 
The clear advantage of SPECT--CT as compared with CT–Arthrogram is in being non-
invasive with no potential risk of introducing infection. The radiation exposure from Bone 
SPECT-CT is that of a conventional bone scan (3.0-3.5mSv) and the template CT scan. 
Using a low dose CT template on the GE Hawkeye-4 the low dose CT template was 
approximately 0.5-0.75 mSv. Compared with the conventional planar bone-scan, Spect-CT 
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is more specific and allows the accurate localisation of activity to a zone of osteolysis on 
CT-images around the glenoid fixation (Figure 5.3).  
 
In the future, with introduction in the market of SPECT-CT systems incorporating higher 
specification multislice scanners, we envisage SPECT-CT obviating the need for a separate 
diagnostic CT. Indium White cell scintigraphy SPECT-CT is another tracer technique that 
has the potential ability to differentiate septic from aseptic loosening in the future. 
 
 
5.5  Conclusions 
 
The use of Tc99m HDP-Bone SPECT-CT was found to provide a tool that can determine if 
zones of low density CT density are representative a progressively worsening condition that 
warrents intervention. Consequently, Spect-CT is an important tool to assist the management 
of painful shoulder arthroplasties and the decision to perform revision surgery.  
 
It was also found that polyethylene wear is probably a significant if not the key factor 
leading to prosthesis loosening. Hence, we propose that to reduce the current high rate of 
glenoid loosening, efforts should be made to reduce the amount of PE wear. Clearly, one 
such approach might be to use more wear resistant polyethylene or a completely different 
bearing material. However, as will be described in Chapter 9, another option to reduce wear 
is to position the implants more accurately. 
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Chapter 6 
Characterization of glenoid lucencies and osteolysis and their 
correlation with age, follow-up, glenoid erosion, rotator cuff 
status and clinical outcome 
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6.1 Introduction 
 
 
6.1.1 Radiolucent lines and osteolysis after TSA 
 
6.1.1.1 Summary Chapter 2 
 
Glenoid loosening continues to be the primary reason for failure of total shoulder 
arthroplasty (TSA) (Chapter 2). In a metanalysis involving 33 studies and 2540 TSA from 
1996 to 200561, the rate of aseptic loosening was reported to be 39%, and 83% of those 
involved the glenoid component. However in the series included in this metanalysis, the 
patient radiologic evaluation after TSA was based on plane radiographs. Radiolucent lines 
are often seen around the glenoid implant on plane X-rays and are thought to be linked to 
glenoid loosening. The mean rate of radiolucent lines in series with more than 10 years of 
follow-up is reported to be 80%42, 87, 88 but the reported occurrence of radiolucent lines varies 
greatly between published series (from 0 to 100%)18, 20, 61, 74 and has proven to be 
inconsistent. Both Yian et al70 and Zilber et al80 have used computed tomography (CT) to 
identify and assess radiolucencies in the glenoid fixation for the purposes of evaluating 
component loosening. In this series Computed tomography was more sensitive than 
radiography with regard to identifying the number of glenoid associated with lucency and 
the size of the lucencies. However, they both concluded that major atefacts, caused by the 
metallic humeral head, severely blurred the images preventing a reliable analysis of the 
implant fixation. Such artifacts are well-known problem in CT imaging of specimen that 
includematerials of different density such as bone and metal.  
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6.1.1.2 Summary Chapter 3 
 
We established an in-vitro CT-protocol that enables the  detection and monitoring of 
mechanical failure of glenoid fixation (described Chapter 3) In that in vitro protocol the 
glenoid was physically separated from the humeral head when CT-scanned, leading to the 
absence of artifacts from the CT images. Hence, it was verified that in the absence of 
artifacts the analysis was sound and the observed radiolucent lines did in fact represent 
physical failure of the fixation.  
 
6.1.1.3 Summary Chapter 4 
 
To transfer the methodology from the laboratory to the clinic, we described Chapter 4 a 
simple and reproducible protocol that enables reliable detection and monitoring of 
radiolucent lines in the glenoid fixation using CT-scanning in the clinical setting. We also 
carried on a thorough analysis of the radiation exposure, suggesting that one or two CT-
scanned could advantageously replaced the commonly used repetitive and useless X-ray 
monitoring in the radiological assessment of TSA. However, only ten TSA were CT in their 
study. 
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6.1.2 Aim of the study 
 
The purpose of the work in this chapter is to apply the new CT method to a large series of 68 
total shoulder arthroplasties in order to thoroughly characterize the location and development 
of lucencies and osteolysis occurring in clinical practice. A second purpose is to investigate 
the correlation between lucencies and osteolysis to various factors such as age, follow-up, 
glenoid erosion, rotator cuff status, body mass index, indication for primary surgery and 
clinical outcome 
 
 
6.2 Materials and methods 
 
 
6.2.1 Patient selection 
 
Between November 2001 and December 2008, 68 shoulders in 60 consecutive patients 
underwent total shoulder arthroplasty at 1 institution by 2 surgeons.  
The surgical indication for total shoulder replacement was destruction of the joint surface 
with pain and functional limitations that were unresponsive to conservative treatment. 
Exclusion criteria were incomplete follow-up (fifteen) and revision procedure subsequent to 
glenoid loosening (two patients). The average age at the time of surgery was 65 (SD, 9.35 ; 
from 43 to 84) and the majority were women (60).  
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Primary total shoulder replacement was performed in 58 shoulders for osteoarthritis (53) or 
rheumatoid arthritis (5).  Total shoulder replacement as a secondary procedure was 
performed in 10 shoulders for post-traumatic arthritis (9), arthritis related to previous surgery 
for instability (1). 
An anatomical shoulder prosthesis with a cemented keeled polyethelene glenoid component 
was used in all shoulders. The arthroplasties used were Neer II (Smith and Nephew) in 46 
shoulders, and Ulys (Ceraver) in 22 shoulders. All implants were fixed with medium-
viscosity cement (Palacos-Genta, Scherring Plough, Brussel, Belgium) with used of a 
standardized technique72. Neer II prosthesis is congruent with a radial mismatch of 0mm. 
Radial mismatch of the Ulys (Ceraver) prosthesis ranged from 4,6 mm to 9.6 mm.  This is 
defined as the difference between the curvature of the glenoid and humeral head 
components.   
Details including diagnosis, limb dominance, gender, age were recorded for each patient.  
Intraoperatively recorded data included implant size of humeral and glenoid components, 
rotator cuff integrity, and /or repair in case of full-thickness tear. 
 
6.2.2 Clinical examination 
 
Pre and post-operative clinical examination was conducted with use of the Constant scoring 
system. At the latest follow-up, the examination was performed by a surgeon different from 
the operator who additionally recorded the mobilities in active flexion and abduction, 
external and internal rotation. Then the internal rotation was scaled as follows: superior to 
T8, 5 points ; from T9 to L1, 4points ; from L2 to L4, 3 points ; from L5 to sacrum, 2 points, 
buttock, 1 point ; trochanteric area or inferior, 0 points.  
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6.2.3 Operative Technique 
 
The operative technique for total shoulder replacement has been discribed thourougly in the 
litterature9, 42, 89. Patients underwent total subscapularis tendon detachment from the letter 
tuberosity for exposure of the joint. The subscapularis was released by capsulotomy at the 
level of the joint, mobilization of the muscle in the subscapularis fossa, and release of 
adhesions from under the conjoined tendon. Glenoid version and inclination were corrected 
according to predetermined angle calculated with use of preoperative computed tomography 
scans. All glenoid components were sized with a guide template and were cemented in place. 
Medium-viscosity cement was introduced in the keel hole and also placed at the back of the 
glenoid component. The cement was pressurized manually in the hole with a swab. The 
subscapularis was reattached anatomically with transosseous nonabsorbable number-5 
Ethibond sutures. 
 
6.2.4 Radiographic Evaluation 
 
Plain x-rays and arthro-CT were obtained for each patient pre-operatively which included 
AP, Lateral and axilliary views.  Arthro-CT images were performed pre-operatively to 
determine the glenoid version, the bone erosion with the use of the classification system of 
Walch et al71, and the rotator cuff status.  
At the latest follow-up, the CT-scan protocol described in Chapter 4 was used. The raw CT 
data (64-data acquisition system multislice computed tomography (Light Speed VCT, 
General Electric ®)) were analysed with computer software OsiriX®93, 94.  
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The radiolucent lines and presence of osteolysis were assessed on the CT-scans by both a 
senior consultant shoulder surgeon and a musculoskeletal radiologist through a joint 
analysis. The radiolucent lines were ranked according to the Mole scoring system90. A 4 
criteria scale was chosen to rank osteolysis: no osteolysis (Figure 6.1), osteolysis restricted 
to one or more of the glenoid fixation areas (Figure 6.2), major osteolysis involving the 
whole glenoid fixation without cortical disruption, and major osteolysis involving the whole 
glenoid fixation with cortical disruption (Figure 6.3).  
 
 
__________________________________________________________________________ 
Figure 6.1: Radiolucent line at the cement-bone interface, in the sagittal plane of the glenoid 
implant (first picture), in the axial plane of the middle part of the implant (second picture), in 
the coronal plane of the implant, passing through the keel hole (third picture). 
__________________________________________________________________________ 
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__________________________________________________________________________ 
Figure 6.2: Osteolysis at an early stage (Black arrows), in the sagittal plane of the glenoid 
implant (first picture), in the axial plane of the middle part of the implant (second picture), in 
the coronal plane of the implant, passing through the keel hole (third picture). 
__________________________________________________________________________ 
 
 
__________________________________________________________________________ 
Figure 6.3: Major osteolysis (White arrows) and cortical disruption (double arrows), in the 
sagittal plane of the glenoid implant (first picture), in the axial plane of the middle part of the 
implant (second picture), in the coronal plane of the implant, passing through the keel hole 
(third picture). 
__________________________________________________________________________ 
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6.2.5 Follow-up 
 
The average time of the post-operative clinical examination and follow-up CT examination 
was 35 months (SD, 22.5; from 6 to 88).  
 
6.2.6 Statistical evaluation 
 
Statistical analysis was performed with use of SPSS 10.0 for (SPSS, Chicago, Illinois) to 
determine relationships between variables. Significance was set at p < 0.05 and a trend was 
reported when the p value was >0.05 but <0.1. The gender, dominant limb, age of the patient 
at the time of surgery, Body Mass Index, time of follow-up, preoperative glenoid erosion, 
cause for shoulder replacement, operative rotator cuff status and clinical results were 
analysed in relation to the CT lucency and osteolysis scoring systems. Least squares method 
was used for quantitative data analysis, and Chi-squared tests were used for qualitative data 
analysis. In addition Multivariate Analysis of Variance were made in the case of multiple 
comparisons to exclude a false-positive statistical correlation. 
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6.3 Results 
 
 
6.3.1 Clinical results 
 
At the latest clinical evaluation, the Constant score was on average 65 points (SD, 20 ; from 
25 to 93). The mean forward flexion improved by 43 degres (p=0.02) and abduction by 49 
degress (p<0.001).  External rotation averaged 11 degrees (SD,16) pre-operatively and 29 
(SD,14) at the latest evaluation (p<0.01) and internal rotation was on average 1.23 (SD,1.02) 
pre-operatively and 3.14 (SD,1.1) at the latest evaluation (p=0.03). 
 
6.3.2 Loosening 
 
One patient had symptomatic loosening of the glenoid component and underwent revision of 
the glenoid component associated with autogenous bone-grafting at a follow-up of 7 years. 
At the latest evaluation, the CT-scan reported major osteolysis and cortical defect (Figure 
6.4).  
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__________________________________________________________________________ 
Figure 6.4 : Major osteolysis and cortical defect (White arrows), in the sagittal plane of the 
glenoid implant (first picture), in the axial plane of the middle part of the implant (second 
picture), in the coronal plane of the implant, passing through the keel hole (third picture). 
__________________________________________________________________________ 
 
This was the only patient in who a cortical defect was visualised. This operative finding was 
consistent with a cortical defect clearly visible on the corresponding CT image. 
During revision procedure, the humeral component was stable and there was evidence of 
wear of the articular joint. There was no evidence of infection. The cement was primarily 
intact around the glenoid keel, with the loosening occurring at the bone-cement interface.  
The prosthesis was a Neer II prosthesis with large humeral head component matched with a 
standard glenoid component, which corresponds to a 0 mm radial mismatch. The patient was 
47 at the time of surgery, the rotator cuff was intact, and the preoperative CT arthrogram 
reported a glenoid wear scaled B2 according to Walch et al. classification.  
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6.3.3 CT lucency and osteolysis 
 
Radiolucent lines were observed in all 68 patients with an average Molé score of 7.3 (SD 4 ; 
from 1 to 15). The patients CT-scanned after short-term follow-up (15months), namely 19 
cases, had an average Molé score of 4.6 (SD, 2.2 ; from 1 to 10). Figure 6.5 reports the 
results in terms of radiolucent lines thickness and distribution according to the Molé scoring 
system summarised over all 68 patients.  
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__________________________________________________________________________ 
Figure 6.5: Radiolucent lines visualized within the glenoid implant fixation. Zone 1: Beyond 
the upper glenoid rim; zone 2: Beyond the upper part of the keel; zone 3: Beyond the middle 
part of the glenoid; zone 4: Beyond the inferior part of the keel; zone 5: beyond the inferior 
glenoid rim. Mole scoring graph showing the accumulated number of radiolucent lines for 
the 68 cases. The graph differentiates between radiolucent lines of different thicknesses and 
shows the accumulated number of lines within each region for the 68 TSA. 
__________________________________________________________________________ 
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The lucency was equally distributed within the 5 areas of the glenoid fixation. The detected 
radiolucent lines were always located at the bone-cement interface. As illustrated in Figure 
6.6 the Mole score correlated with follow-up (p<0.001 ; R2= 0.45) and with osteolysis 
(p<0.01 ; R2= 0.65).  
 
 
__________________________________________________________________________ 
Figure 6.6: Level of  radiolucent lines (Mole score) versus follow-up (in months). Results 
from visualisation of no osteolysis shown by triangles, osteolysis at an early stage shown by 
squares, major osteolysis without cortical disruption shown by diamond symbols, major 
osteolysis with cortical disruption shown with cross symbols.  
__________________________________________________________________________ 
 
Table 6.1 reports the average Molé score for each of the 4 scales of osteolysis classification. 
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Osteolysis classification Number of patients Mean Mole score Std deviation 
No osteolysis 27 3.89 2.393 
Osteolysis at an early stage 21 7.94 2.413 
Major osteolysis without 
cortical disruption 
15 11.33 2.02 
Major osteolysis with cortical 
disruption 
5 12.60 2.881 
 
__________________________________________________________________________ 
Table 6.1 : Mole score versus osteolysis 
__________________________________________________________________________ 
 
According to these 4 scales for ranking osteolysis, out of the 68 patients, no osteolysis was 
found in 27 cases, osteolysis restricted to one or more of the glenoid fixation areas in 21 
cases, major osteolysis involving the whole glenoid fixation without cortical disruption in 15 
cases, and major osteolysis involving the whole glenoid fixation with cortical disruption in 5 
cases. Additionally, cortical disruption was detected in 2 out of the 21 cases of osteolysis 
restricted to one or more of the glenoid fixation areas, however cortical disruption was not 
significantly correlated with poor clinical results.  
Figure 6.6 reports all the lucencies and levels of osteolysis visualised in the whole study 
according to time of follow-up. 41 shoulders out of the 68 had a Mole score greater or equal 
than 6, which indicate possible or defenitive loosening90. In those patients, no osteolysis was 
detected in 3 patients, osteolysis at an early stage in 17 patients and major osteolysis in the 
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other 20 patients, including cortical disruption in 5 patients out of the 20. The average 
follow-up of those patients was 44 months (SD 20).  
In the subgroup with short-term follow-up (19 patients with less than 15 months follow-up) 
lucencies were already apparent. The Mole score  was greater or equal to 6 in 4 patients, and 
these 4 plus two others cases had osteolysis, 5 at an early stage and 1 major without cortical 
disruption. This last patient was 84 at the time of surgery, had a full-thickness tear of the 
supraspinatus retracted type 1 non reattached and a glenoid stock grade A2 according to the 
Walch classification and the cause for surgery was primary osteoarthritis. The CT-scan was 
performed 6 months after surgery. No abnormal clinical outcome was reported at the 6 
months clinical assessment.  
 
6.3.4 Effects of preoperative factors 
 
Age had significant correlation with Mole score (p=0.05 ; R2= 0.024) and a trend existed  
with the osteolysis (p=0.08), the elderly patients being more affected.  
 
Table 6.2 reports the radiological results (osteolysis and Mole score) according to the 
preoperative bone erosion. A significant correlation existed between pre-operative bone 
erosion and osteolysis (p=0,01 ; R2= 0,09) and a trend existed with Mole score (p=0.06). 
There were more lucency and osteolysis detected in a case of central major bone erosion 
(stage A2) than in case of posterior minor bone erosion (stage B1). However, the worst 
clinical results were reported in case of major posterior bone erosion (stage B2 or C).  
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 Number of patients Follow-up Molé score Osteolysis 
A1 10 23+/-5 6.6 +/- 2.8 
No =4 
Early stage =5 
Major =1 
B1 17 36+/-6 7 +/- 4.1 
No =9   
Early stage =4  
Major =4   
A2 14 33+/-5 7.1 +/- 8.1 
No =7 
Early stage =3 
Major =4 
B2 20 40+/-5 8.1+/-4.1 
No =5 
Early stage =7 
Major =8 
C 3 58+/-11 10.7+/-0.5 
No =0 
Early stage =0 
Major =3 
 
__________________________________________________________________________ 
Table 6.2 : Levels of radiolucent lines (Mole score) and osteolysis according the pre-
operative levels of glenoid erosion (A1, B1, A2, B2 and C in order or increasingly severe 
erosion) as per the classification of Walch et al69.  
__________________________________________________________________________ 
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No a significant correlation was found between lucency or osteolysis and other factors (BMI, 
rotator cuff status or original indication for surgery). Fatty infiltration of the rotator cuff did 
not correlate with lucency.  
 
6.3.5 Clinical and radiological outcome correspondence 
 
Table 6.3 reports the clinical results according to the observed osteolysis on CT images. 
Presence of lucency or osteolysis was not correlated with clinical outcome (e.g. pain, 
shoulder mobility, constant score).  
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 Pain (Constant 
score) 
Active forward 
flexion (°) 
Active 
Abduction (°) 
Global 
Constant score 
No osteolysis 12.9+/-0.9 120+/-10.5 119+/-9.1 67.5+/-5.5 
Osteolysis at an early 
stage 
12.7+/-1.2 127+/-12.7 116+/-14 65.2+/-6.4 
Major osteolysis 
without cortical 
disruption 
11.3+/-0.2 122+/-14.8 103+/-8.8 61.6+/-4.1 
Major osteolysis with 
cortical disruption 
11+/-3.6 116+/-28 110+/-30.5 63+/-19 
 
__________________________________________________________________________ 
Table 6.3 : Clinical results according the four groups of the osteolysis classification  
__________________________________________________________________________ 
 
 
6.4 Discussion 
 
 
6.4.1 Radiolucent lines 
 
The incidence of radiolucencies as evaluated from plane X-ray films varies between 0- 
100%18, 20, 61, 74. This large variation reflects the difficulty of using standard radiography for 
the purposes of evaluating loosening. This large series of 68 patients confirms that the 
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protocol described Chapter 4 addresses this issue by producing a straightforward 
visualization of the glenoid fixation.  
Using this CT method, a radiolucent line at the cement-bone interface was identified in all 
shoulder replacements included in this study (68) and osteolysis was identified in 41 cases 
(60%). Such high rates of radiolucencies (80% of cases) were also reported in series with 
more than 10 years of follow-up based on plain X-rays42, 86, 87. In our series, the follow-up 
was much shorter, with an average of 35 months, indicating that the CT method can identify 
radiolucencies far in advance of these being detectable on plain radiographs. This suggestion 
is supported by the study by, Yian et al70 who reported that the prevalence of lucencies 
estimated from CT scans was higher than that from fluoroscopically guided conventional 
radiographs. The interobserver and intraobsorver reliabilities of computed tomography 
assessment were better than those of conventional radiographic scoring. 
Based on a metaanalysis, Bohsali et al61 reported that higher rates of radiolucent lines were 
observed in series with long-term follow-up. Consistent with this, we found a statistically 
significant correlation between the radiolucent lines (Mole score) and follow-up confirming 
that the levels of radiolucencies are likely to progress (get worse) over time. 
We observed radiolucent lines in all patients, even in patients with less than 15 months of 
follow-up the Mole score was often (4 out of 19 patients) greater than 6 which indicates 
loosening while several others (5 out of 19) had osteolysis. If it is impossible to determine if 
this phenomenon is due to mis-implantation of the implant, to stress shielding, or to an early 
start of loosening phenomenon, observation of osteolysis in short follow-up patients is even 
more concerning. In conclusion, it appears that the loosening process starts in the first few 
months after the procedure. 
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6.4.2 Location of the lucent lines 
 
An in-vitro study95 as well as some clinical studies12 have found radiolucent lines in the 
implant-cement interface while in the current study all identified radiolucent lines were 
located in the cement-bone interface. The latter finding is consistent with most observations 
from plane radiographic studies. However, there may have been undetected thin radiolucent 
lines in the implant-cement interface. The radiodensity of the polyethylene implant was 
relatively low61 and, as seen from Figures 6.1 to 6.4, the implant appears dark on the CT 
images. Therefore, even if a radiolucent line was present in the implant-cement interface, it 
would be very difficult if not impossible to differentiate such dark lines from the implant. 
This indicates a limitation of the CT method.  
Superior excentric loading of the glenoid by the humeral head, the so-called rocking horse 
effect, is associated with glenoid failure9. In the experimental study (Chapter 3), we showed 
that superior excentric loading, inducing shearing forces at the superior part of the implant 
and distraction forces at the inferior part of the implant led to fixation failure at both the 
superior and inferior parts of the implant. In the clinical series of this chapter, the lucencies 
were also found at both the superior and inferior parts of the glenoid fixation (Figure 6.3), 
consistent with the findings of Chapter 3 and the observations in Chapter 4.  
 
6.4.3 Osteolysis 
 
In the study reported here, osteolysis was detected in more than half of all patients (41 out of 
68 patients). Based on histological analysis of three retrieved glenoid components, Wirth et 
al82 suggested that osteolysis is caused by polyethylene wear particles and subsequently 
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other studies have provided support for such a mechanism of glenoid loosening65, 83. In 
Chapter 9  we will provide further support that osteolysis in the glenoid is a response to PE 
wear particles.  
 
6.4.4 Related association 
 
6.4.4.1 Clinical outcome 
 
The relationship between radiographic findings and clinical outcome is of prime interest. 
Some authors have reported an association between radiolucent lines and pain42,70. Our data  
did not establish such an association despite the CT method of this thesis enabling a much 
more reliable analysis than previously possible using either plain X-rays or standard CT 
methods. But this might also be due to Type II error. In our series, even patients with major 
osteolysis or minor cortical disruption did not demonstrate a decrease in the clinical outcome 
scores reported in Table 6.3. However, one of these TSA was revised due to glenoid 
loosening. This revised case was also the only patient in who a cortical defect was detected 
at the latest follow-up evaluation. We also detected such a cortical defect (Figure 5.2) in 
another case of glenoid revision due to loosening as described in Chapter 5. This suggest that 
a cortical defect is a key element in the process that destabilizes the glenoid and that 
deteriorating clinical outcome scores, including pain, only become noticeable very late in the 
loosening process.  
 
6.4.4.2 Age and preoperative glenoid erosion. 
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In this series, the age of the patient at the time of surgery was significantly correlated with 
the Mole score and a trend existed with osteolysis, the elderly patients being more 
affected.this might be due to Type II error, however the lower mechanical properties of bone 
in elderly patients might have made the fixation more prone to the development of lucencies 
and osteolysis 
 A possibly very important finding was that both the post-operative observation of osteolysis 
and the presence of radiolucent lines was dramatically affected by the level of preoperative 
arthritic glenoid erosion (Table 6.2)  This suggests several other research questions that may 
may be important to reduce glenoid loosening. In the case of eroded glenoids and 
considering current surgical practise, it seems that the surgeon may be (mis)guided by the 
orientation of the eroded glenoid and as a result malposition the implant. Is this the case? 
Secondly, are malpositioned implants prone to failure as has been suggested in 
computational studies65?  
 
 
6.5 Conclusion 
 
 
This chapter showed that the greatly improved clarity of the images of the protocol 
developed in Chapters 3 and 4 allowed detection of radiolucent lines and osteolysis much 
earlier than in previous studies using radiographs or standard CT protocols.  
It was shown that radiolucent lines existed throughout the implant fixation and not 
predominantly in the inferior part of the fixation as reported in other studies. The radiolucent 
lines were detected in the cement-bone interface although it can not be concluded that the 
implant-cement interface had not failed.  
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The extent of radiolucent lines and osteolysis were found to start soon after primary surgery 
and increase with time. However, indications were that clinical results were only affected 
very late in the loosening process when the cortices had deteriorated. The evolutionary 
process causing radiolucencies and osteolysis to progress is not clear but based on previous 
studies the mechanism may be related to a biological response to PE wear particles. In 
Chapter 9 this suggestion will be further investigated. 
 
The state of erosion of the preoperative glenoid was noticeably related to the later 
development of radiolucent lines and osteolysis. This is possibly related to implant 
malposition. Hence, in Chapter 7, this thesis will investigate if implant malposition is 
correlated with radiological findings and poor clinical outcome and subsequently in Chapter 
8 if the orientation of the eroded glenoid dictates the resulting implant position.    
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Chapter 7 
Accuracy of Glenoid placement in Total Shoulder 
Arthroplasty and its effect on radiological and clinical 
outcome. 
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7.1 Introduction  
 
 
There is a consensus perception that the goal and success of TSA depend on the restoration 
of the natural anatomy of the joint and major developments in the past decade have included 
the introduction of modular humeral components to more accurately restore the patient’s 
anatomy. Implanting the glenoid component in an anatomical position is a challenging 
procedure and this difficulty may explain the high rates of glenoid loosening (see Chapter 2).  
 
7.1.1 Problems in positioning the glenoid component  
 
There are three main reasons that the accurate positioning of the glenoid is difficult. Firstly, 
the bone stock of the native glenoid is very limited and often further reduced due to arthritic 
wear and erosion, which makes it difficult to obtain adequate fixation. Secondly, the 
anatomical position is extremely poorly understood and shows great patient-specific 
variability91, 96. Hence, surgeons do not know what position they should aim for and instead 
aim for a ‘standard’ position of so-called neutral orientation of the glenoid with respect to 
the scapula. It is important to appreciate that there is no evidence that the ‘standard’ position 
is the anatomical position or the optimum position. Thirdly, there are no reliable landmarks 
to determine the scapula blade’s position intra-operatively, which is essential for accurate 
placement of the glenoid component in the standard position. In lack of scapular landmarks 
the surgeon may be guided by the exposed glenoid’s perceived native position. This 
perceived position exhibits patient-specific variability, as well as erosion and wear which 
leads to‘mal’-position as shown in Chapter 7.  
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In summary, it seems likely that glenoid implants will often be mal-positioned and in 
Chapter 6, we found clinical indications that mal-position may cause radiological signs of 
loosening.  
Previous computational and in-vitro studies have indicated the importance of glenoid 
positioning by demonstrating that mal-positioned implants caused abnormal loading of the  
glenoid and a resulting higher risk of mechanical failure65, 96-98 (see Chapter 3).  
 
Reflecting surgeons intuitive perception of the importance of this issue, in clinical practice 
the surgeon will often attempt to insert the implant in a ‘standard’ position of neutral (0°) 
version and inclination. However, there are no peer-reviewed studies that have reported the 
degree of mal-position actually achieved in clinical practise; or the clinical outcome of such 
mal-position; or whether the ‘standard’ position is in fact the optimum position. 
 
7.1.2 Aim of the study 
 
The purposes of this study was to assess the accuracy and variability of glenoid implant 
positioning during TSA and to relate it to the radiological (occurrence of radiolucent lines 
and osteolysis on CT) and clinical outcomes. By identifying the position with the best 
outcome in terms of radiolucent lines and clinical scores the purpose was also to establish 
the optimal glenoid position. 
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7.2 Materials and Methods 
 
 
We reviewed a series of 58 anatomic TSA from a single centre, performed by 2 senior 
consultant shoulder surgeons between 1999 and 2008 (B.A. and T.G.). The average follow-
up at the time of the review was 37 +/- 24 months. All glenoid implants of the series were  
keeled cemented polyethylene implants. Among them, 38 were Neer II (Smith and Nephew), 
and 20 Ulys (Ceraver). Table 7.1 shows the main characteristics of the series. 
 
Age at the time of 
surgery 
69 +/- 10.5 years 
Side 27 Left; 31 Right 
Sex 53 females, 5 males 
Rotator cuff status at the 
time of surgery 
8 partial thickness tears of the supraspinatus, 10 full thickness 
tears (4 trans osseous reattachment) 
Indication 78% primary arthritis, 10% Rheumatoid arthritis, 9% post-
traumatic, 3% post instability 
Follow-up (months) 37 +/- 24 months 
 
__________________________________________________________________________ 
Table 7.1: Characteristics of the series 
__________________________________________________________________________ 
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All patients were assessed clinically and radiologically. The CT-scan protocol described in 
Chapter 4 was used. Post-operative CT-scan evaluation is part of routine protocol of 
assessment after TSA in our institute. The raw CTdata was analysed with computer software 
OsiriX®93, 94.  
The scapulae were reconstructed in 3D and digitalised reference (ROI) points were 
positioned along the near-linear Lateral Border Line of the scapula (LBL) as well as along 
the deepest part of the near-linear Supraspinous Fossa Line (SFL), see Figure 7.1.  
 
 
 
__________________________________________________________________________ 
Figure 7.1: On the left is shown the appearance of the staple shaped maker in the Neer II 
prosthesis on two different views of a reconstructed scapula. On the right is shown how the 
ROI points outline the marker and scapula.  
__________________________________________________________________________ 
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These two sets of points, effectively two lines, determine the plane of the scapula blade 
according to the definition by Amadi et al99. The metallic marker of the glenoid implant was 
used to evaluate the position of the glenoid relative to the plane of the scapula. The marker is 
staple-shaped in the Neer II prosthesis (Figure 7.1) and a straight line shape in the Ulys 
Ceraver prosthesis.  
For both prostheses the marker is oriented along the long axis (inferior-superior) of the 
implant making it straightforward to evaluate inclination and rotation. However, to assess 
the version of the glenoid in the Ulys-Ceraver prosthesis, additional points were digitalised 
along the edge of the subchondral bone of the glenoid (Figure 7.2). 
 
 
__________________________________________________________________________ 
Figure 7.2: Different views indicating the ROI points used to establish the glenoid plane in 
the case of the Ulysis-Ceraver prosthesis. Due to the straight-line shape of the marker in this 
prosthesis a combination of points on the marker as well as on the osseous geometry was 
used. 
__________________________________________________________________________ 
 
Using the ROI points, another software (3D-Reshaper®) calculated the best approximation 
to a flat plane of the scapula and of the glenoid surface (Figure 7.3 and Table 7.2), as well as, 
the relative position and orientation of these two planes. 
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__________________________________________________________________________ 
Figure 7.3: Output from the 3D-Reshaper® software graphically illustrating the scapular and 
glenoid planes established by the software based on the input of ROI points. 
__________________________________________________________________________ 
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__________________________________________________________________________ 
Table 7.2: Calculated output from 3D-Reshaper Software: distances from scapular and 
glenoid planes to ROI points.  
__________________________________________________________________________ 
 
Four parameters of the glenoid position were studied: the version of the glenoid, the 
inclination of the glenoid, the rotation of the glenoid and the anterior-posterior off-set 
distance of the glenoid relative to the scapula plane (Figure 7.4). 
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__________________________________________________________________________ 
Figure 7.4: The four position parameters (version, inclination, rotation and off-set distance) 
are graphically illustrated. Also shown are the lines labelled LBL (Lateral Border Line) and 
SFL (Supraspinatus Fossa Line) used to determine the scapula plane as well as the 
inclination. 
__________________________________________________________________________ 
 
Version was defined as the angle between the plane of the glenoid and the plane of the 
scapula. The inclination was defined as the angle between a line drawn perpendicularly from 
the centre of the glenoid in the scapula plane and the supraspineous fossa line (SFL). 
Rotation was defined as the angle between the superior-inferior axis of the glenoid and the 
scapula plane. The off-set was measured as the shortest distance between the centre of the 
glenoid metallic marker and the scapula plane. 
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The radiolucent lines and presence of osteolysis on the CT scans were independently 
assessed by a senior consultant shoulder surgeon as well as a musculoskeletal radiologist 
. Radiolucent lines were ranked according to the Mole scoring system90. Osteolysis was 
ranked according to a 4 criteria scale described Chapter 6: no osteolysis, osteolysis restricted 
to one or more of the glenoid fixation areas, major osteolysis involving the whole glenoid 
fixation without cortical disruption, and major osteolysis involving the whole glenoid 
fixation with cortical disruption. At the latest evaluation the patients were assessed clinically 
using the Constant score and a range of motions: flexion, abduction and external rotation. 
 
Statistical evaluation. 
Statistical analysis software SPSS 10.0 (SPSS, Chicago, Illinois) was used to determine 
relationships between variables. Significance was set at p < 0.05. The age of the patient at 
the time of surgery, the time of follow-up, the version, the inclination, the rotation and the 
off-set distance of the glenoid were analysed in relation to the active forward flexion, 
abduction, external rotation, Constant score, Mole score and osteolysis score, using ordinary 
least squares techniques, with a progressive withdrawal of the non-significant values. Square 
and cube exponents were introduced for the positioning parameters in order to take into 
account non linear effects. 
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7.3 Results  
 
 
7.3.1 Glenoid positioning parameters 
 
The results of the four glenoid positioning parameters are reported in Table 3.  
 
__________________________________________________________________________ 
Table 7.3: Measured glenoid implant position parameters 
__________________________________________________________________________ 
 
These parameters were scored so that retroversion was positive and anteversion negative, 
superior inclination was positive and inferior inclination negative, clockwise rotation was 
positive for a right shoulder and anticlockwise rotation was positive for a left shoulder. The 
average version was 6° but the standard deviation of 12° and range from 19° of antevesion to 
36° of retroversion imply that there was a huge variation in implant position for this 
parameter. Large variability in postion was also found for the other position parameters (see 
Table 7.3). 
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7.3.2 Clinical outcome 
 
On examination at the latest assessment, the active forward flexion was on average 130° (SD 
29°; range 40° to 180°) and the active abduction was on average 125° (SD 31°; range 25° to 
180°). The average Constant score was 69 points (SD 19; range 7 to 90). Other clinical 
results are reported in Table 7.4. 
 
 
__________________________________________________________________________ 
Table 7.4: Clinical results.  
__________________________________________________________________________ 
 
7.3.3 Radiological outcome 
 
Radiolucent lines were ranked using the Mole scale, with an average score of 7.5 points (SD 
4.2; range 0 to 15). The lucency score was significantly correlated with the patient follow-up 
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(R2  =0.404 , p<0.001). 21 patients (36.2%) had no osteolysis around the glenoid, 17 (29.3%) 
had osteolysis restricted to one or more of the glenoid fixation areas, 14 (24.1%) had major 
osteolysis involving the whole glenoid fixation without cortical disruption, and 6 (10.3%) 
had major osteolysis involving the whole glenoid fixation with cortical disruption. 
  
7.3.4 Associations between position and outcomes 
 
To quantify the associations between position and outcome variables, Table 7.5 reports the 
relevant least square regression equations as well as R2 and p values.  
 
 
__________________________________________________________________________ 
Table 7.5: Results of statistical analysis.  
__________________________________________________________________________ 
 
From this table it can be seen that the Mole lucency score was significantly correlated with 
the inclination of the glenoid, the age of the patient and the follow-up. Figure 5 shows that 
inferiorly inclined implants had a higher lucency score than neutral or superiorly inclined 
implants (p=0.05). 
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__________________________________________________________________________ 
Figure 7.5: Level of radiolucent lines (Mole score) versus inclination. The Mole score shown 
has been adjusted for follow-up and age according to the results shown in Table 7.5 (that is, 
the actual mole score has been reduced by 0.1 times the months of follow up and by 0.084 
times the age). Results from inferiorly inclined implants shown by triangles; neutral and 
superiorly inclined implants shown by diamond symbols. The mean Mole score of the 
inferiorly inclined group is statistically different from the mean of the superiorly inclined 
group. 
__________________________________________________________________________ 
 
Hence based on radiolucency scores, inferiorly inclined implants performed badly. Table 7.5 
also shows that shoulder forward flexion and abduction were most significantly correlated 
with the version and rotation of the glenoid. Figure 7.6 shows the effect of version and 
rotation, respectively, on flexion and abduction, respectively, as determined by the 
regression equations of Table 7.5.  
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__________________________________________________________________________ 
Figure 7.6: Effect of version and rotation on flexion and abduction: regression lines.  
__________________________________________________________________________ 
 
Figure 7.6 indicates that more than approximately 20° of retroversion will result in reduced 
flexion as well as abduction while anteversion seems to improve abduction. Figure 7.6 also 
shows that neutral rotation results in the highest range of both flexion and abduction. Similar 
analyses showed that an off-set distance of 8 mm resulted in the highest range of abduction. 
There was neither statistical correlation (p<0.05) nor statistical trend (p value between 0.05 
and 0.1) between the four positioning parameters and the outcomes of external rotation, 
Constant score and osteolysis. Hence, we have not reported these non-existing associations 
in Table 7.5. Similarly, when a position parameter had not even a statistical trend association 
with forward flexion, abduction and lucency score we chose not to include such non-
significant parameters in the regression equations reported in Table 7.5. 
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7.4 Discussion 
 
 
This study demonstrates that the glenoid component of so-called anatomic TSA is not 
positioned in a standard fashion relative to the scapula plane, and that (mal)position affects 
the prevalence of radiolucencies as well as the clinical outcome. 
 
A unique feature of this work is the particular CT protocol used. As described previously in 
this thesis the protocol allows an analysis of radiolucent lines far more accurate than 
previously possible. Furthermore, CT techniques are also more accurate in determining 
glenoid position than the standard axial radiographs,87,107 used in previous studies on glenoid 
positioning. These two characteristics of the CT method have enabled this study to report the 
clinically observed association between glenoid component position and radiolucent lines, 
which has not been done before. 
It is a limitation of the study that all replacement surgery in this series was performed by 
only two surgeons and, strictly, it represents the accuracy achieved by just these two 
surgeons. Never-the-less, the fact that even in the hands of two very experienced surgeons 
the position was very variable and the standard position only rarely achieved emphasizes the 
problem of glenoid positioning during surgery. 
 
7.4.1 Achieved position 
 
Very few studies have reported on the accuracy of glenoid positioning achieved during 
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surgery. Moska et al.100 presented data from 133 patients showing that 82% of glenoids were 
positioned within neutral and 20° of retroversion. Nyffeler et al.107 reported from a series of 
25 glenoid implants that the version ranged from 16° of anteversion to 23° of retroversion 
with an average of 2° of anteversion. From a series of 10 patients, Kircher et al.101 reported 
the version to range from neutral to 19° of retroversion (average 10.9°±6.8). These previous 
data showing a large spread around a somewhat retroverted position are broadly consistent 
with the findings of the present study. These results reflect the reported position of the native 
non-arthritic glenoid96 and/or may reflect that surgeons are guided by the orientation 
of the glenoid surface which is often posteriorly worn in candidates for TSA91. 
 
7.4.2 Effect of positioning on outcomes 
 
Several in-vitro studies indicate that superior inclination will lead to superior migration of 
the humeral head which in turn will cause impingement and rotator cuff tears and ultimately 
poor outcome102-104. In our clinical study, inclination was not found to have any significant 
effect on neither the ranges of motion nor the Constant score and hence do not support these 
suggestions of earlier papers. Terrier et al.105 suggest that whereas superior inclination might 
be expected to be worse for the reasons of impingement and cuff tears, it may on-the-other 
hand result in better conditions for the fixation. The results of our clinical study do support 
this suggestion as we found higher rates of radiolucent lines for inferiorly inclined implants 
(Figure 7.5). 
 
Other in-vitro studies98, 106, 107 have investigated the effect of glenoid implant position on the 
forces imparted on the implant fixation. They all concluded that non-neutral version and 
inclination will lead to more eccentric loading of the implant and, hence, to an increased risk 
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of fixation failure. Again our clinical results do not support these suggestions as we found no 
correlation between version and radiolucent lines. Indeed we found superior inclination 
associated with low levels of radiolucent lines. The explanation for this inconsistency may 
be that during surgery surgeons will often try to correct mal-position but in doing so 
jeopardize the osseous fixation. This may cause mal-positioned implants to perform better in 
clinical practise than corrected-to-neutral implants with compromised bony fixation. The 
effect of corrective procedures was not taking into account in the earlier biomechanical 
studies and may explain the inconsistency with our results. 
In a clinical study, Moska et al100 reported that glenoid components implanted in version 
ranging from neutral to 20° of retroversion were associated with excellent patient 
satisfaction whereas version outside this range was associated with patient dissatisfaction. 
The importance of version was confirmed in our study as we found that version affected both 
abduction and flexion which may be related to patient satisfaction. Consistent with Moska et 
al.100, we also found, see Figure 7.6, that beyond 20° of retroversion flexion and abduction 
deteriorated. However, in the current study anteversion seemed to result in an improved 
range of abduction which appear inconsistent with the results of Moska et al.100 
Our analysis has so far indicated that any position of anteversion and superior inclination 
was well tolerated. However, the number of patients in our study with noticeably anteverted 
 implants (more than 5° of anteversion) was relatively small (n=7) and considering the result 
of Moska et al.100, a more cautious recommendation is to aim for a glenoid position of 
neutral version while ensuring not to exceed the threshold of 20° of retroversion. Similarly 
in regards to superior inclination, and referring to Figure 7.5, most of our data points are for 
superior inclinations of less than 20° and our conclusions should probably not be extended 
beyond this level of inclination. Hence and in summary, we recommend to aim for: 1) a 
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glenoid position of: neutral inclination but to err on the side of superior inclination; 2) from 
neutral to 20° of retroversion; 3) 0° of rotation; 4) 8mm of off-set distance. 
 
7.4.3 Differences in methodologies compared with other published studies 
 
When comparing our results with the above studies as well as with studies reporting the 
orientation of the native glenoid there are differences in methodology that may cause 
differences in quantitative values. In this study the reference plane of the scapula is based on 
the lateral border of the scapula and the deepest part of the supraspinous fossa. This differs 
from the definition used in other studies91, 96, 97, 108, where the plane is defined according to 
three points: the central point of the glenoid, the medial tip and the distal tip of the scapula. 
For the purpose of limiting the radiation exposure, the acquisition field of the CT-scans in 
our study was restricted to the part of the scapula nearest to the glenoid region. Therefore, 
two of the necessary reference points used by the previous studies were not available and we 
could not use these previous methods. For similar reasons we defined inclination relative to 
the near-horizontal line of the supraspinous fossa (SFL) while others91 have defined 
inclination with respect to the line from the centre of the glenoid surface to the vertebral 
border of the scapula. The SFL is superiorly inclined to this line by approximately 5°. 
Barring these practical difficulties if using previous definitions of the scapular plane and the 
reference line for inclination, there are also principle advantages of the method used in this 
study. Amadi et al.99 showed that a scapular plane based on the same two lines as in this 
study provided the most consistent definition of landmark lines and of the scapular blade 
irrespective of arthritic and other osseous changes. As the shoulder joint in TSA often 
exhibits osseous changes this is an important advantage. 
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The metallic marker was used to establish the position of the implant whereas other 
studies107, 108 used the osseous geometry assuming perfect seating. One concern about using 
the metallic marker is the potential movement or deformation of the marker over time. 
However we do not think that has been the case because the average distance between the 
more distant digitalised ROI point and the relevant plane for the staple shaped marker 
remained roughly unchanged (Average, 0.5mm; SD, 0.4mm; from 0.7 to 2.5). 
 
7.5 Conclusion 
 
This study found that malposition of the glenoid implant has a direct effect on the clinical 
and radiological outcome. We recommend implanting the glenoid in neutral rotation, neutral 
to slightly retroverted and neutral to slightly superiorly inclined but further studies are 
needed to establish consensus on the optimum level of version and inclination. However, 
this study also demonstrates that glenoid implants are poorly positioned even by very 
experienced specialised surgeons. This is due to the inherent difficulty of the operation and 
we recommend that future work should focus on proving aids to help the surgeon achieving 
the desired position. Considering the conclusions of Chapter 7, that mal-position is partly 
caused by the erosion of the preoperative glenoid, such positioning aids should include 
measures to take account of the eroded geometry. 
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Chapter 8 
The effect of preoperative orientation of the eroded glenoid 
on postoperative implant orientation and loosening  
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8.1 Introduction 
 
 
8.1.1 Malposition of glenoid component 
 
In Chapter 7, we analysed how glenoid implant was positioned in a series of 58 TSA. we 
reported a wide range of implant retroversion (from 19° of anteversion to 36° of 
retroversion), inclination (from 21° of inferior tilt to 59 of superior tilt), Rotation and offset 
distance between the center of the glenoid and the scapula blade plane. We also found that 
malposition of the glenoid had a direct effect on the prosthetic motion and radiolucent lines 
outcome. It is widely admitted that glenoid implant positioning is challenging. 
 
The reason is that, during the procedure, only the often severely eroded glenoid is exposed. 
There are no landmarks to aid the surgeon to position the implant in a desired orientation 
with respect to the rest of the scapula and the surgeon is (mis)guided by the orientation of the 
glenoid.. Consequently, the glenoid implant may be mal-positioned with resulting changes in 
mechanics of the joint that may ultimately be detrimental to the implant fixation. Also, the 
glenoid walls are often perforated when implanting the glenoid, also causing concern about 
the glenoid fixation strength. 
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8.1.2 Aim of the study 
 
The purpose of the work of this chapter is to determine the link between the 3-dimensional 
position of the preoperative eroded glenoid and the 3-dimensional postoperative position of 
the implant.  
 
 
8.2 Method.  
 
 
8.2.1 Patient selection 
 
Between November 2001 and December 2008, 68 shoulders in 60 patients underwent total 
shoulder arthroplasty. All procedures were carried out by 2 surgeons at our institution. The 
surgical indication for total shoulder replacement was destruction of the joint surface with 
pain and functional limitations that were unresponsive to conservative treatment. 
Among them, we were able to collect complete preoperative and postoperative imaging in 30 
cases as follows: At the time of preoperative assessment, Arthro-CT images were performed 
pre-operatively to determine the glenoid version, the bone erosion with the use of the 
classification system of Walch et al71, and the rotator cuff status.  
At the latest follow-up, the CT-scan protocol, as developed in this thesis, was used to 
provide a post-operative assessment after TSA as has become routine protocol in our 
institute. The average time of post-operative CT examination was 39 months (SD, 17) after 
the index surgery.  
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The age at the time of surgery was on average 70,5 years (SD, 10.16; from 48 to 84) and the 
majority were women (26).  
Primary total shoulder replacement was performed in 25 shoulders for osteoarthritis (24 
cases) or rheumatoid arthritis (1 case).  Total shoulder replacement as a secondary procedure 
was performed in 5 shoulders for post-traumatic arthritis (3 cases), arthritis related to 
previous surgery for instability (2 cases). 
An anatomical shoulder prosthesis with a cemented keeled polyethelene glenoid component 
was used in all shoulders. The arthroplasties used were Neer II (Smith and Nephew) in 21 
shoulders, and Ulys (Ceraver) in 9 shoulders. Neer II prosthesis is congruent with a radial 
mismatch of 0 mm. Radial mismatch of the Ulys (Ceraver) prosthesis ranged from 4.6 mm 
to 9.6 mm.  This is defined as the difference between the curvature of the glenoid and the 
humeral head components.   
 
8.2.2 Operative Technique 
 
The operative technique for total shoulder replacement has been thoroughly described in the 
litterature9, 42, 89. Patients underwent a superolateral approach and total subscapularis tendon 
detachment from the lesser tuberosity for exposure of the joint. The subscapularis was 
released by capsulotomy at the level of the joint, mobilization of the muscle in the 
subscapularis fossa, and release of adhesions from under the conjoined tendon. Correction of 
glenoid version according to a predetermined angle calculated using preoperative computed 
tomography scans were attempted. The targeted version was 0° whereas there was no 
targeted angle in inclination, the surgeon attempting to correct this parameter according to 
where the glenoid was eroded and where it was intact. One patient benefitted from iliac crest 
bone grafting fixed by two 3.5 stainless still screws for severe posterior glenoid erosion, 
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prior to glenoid implant preparation and cementing. Rotation and centering of the glenoid 
implant were adjusted according to the supero-inferior axis and the center of the arthritic 
glenoid. All glenoid components were sized with a guide template and were cemented in 
place. Medium-viscosity cement was introduced in the keel hole and also placed at the back 
of the glenoid component. The cement was pressurized manually in the hole with a swab. 
The subscapularis was reattached anatomically with transosseous nonabsorbable number-5 
Ethibond sutures. 
 
8.2.3 Preoperative and postoperative glenoid position assessment  
 
Preoperative arthroCT and postoperative CT were performed using a Multi-Detector Scanner 
(General Electric, Waukesha, WI).  
The CT scans (Image size: 512 x 512 Pixels; Field of View: 36 cm) were taken with a 
contiguous thickness of 0.625 mm with settings of 12 kV and 70–120 mA. Each CT scan 
contained 200 to 350 DICOM images. We used image processing software dedicated to 
DICOM images, OsiriX (open-source software; www.osirixviewer.com)93, 94, to generate 3-
D reconstructions of each CT scan. The 3-D surface reconstructions were created using the 
surface rendering function in OsiriX with software settings optimized for metal (pixel value, 
2000; high resolution, 0.50; smooth iterations, 80). To avoid measurement errors, all image 
reconstructions were made using the native section scans of thickness 0.625 mm. 
The scapulae were reconstructed in 3D and digitalised reference (ROI) points were 
positioned along the near-linear Lateral Border of the scapula (LBL) as well as along the 
deepest part of the near-linear Supraspinous Fossa Line (SFL), see Figure 8.1. These two 
sets of points, effectively two lines, determine the plane of the scapula blade according to the 
definition by Amadi et al99. 
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ROI points were positioned on the outline of the arthritic glenoid on preoperative CT and the 
metallic marker of the glenoid implant was used to evaluate the positioning of the glenoid 
relative to the plane of the scapula blade on postoperative CT. The marker is staple-shaped 
(StS marker) in the Neer II prosthesis (Figure 8.1) and a straightline shape (SLS marker) in 
the Ulys Ceraver prostheses (Figure 8.1). For both prostheses the marker is oriented along 
the long axis (infero-superior) of the implant making it straightforward to evaluate 
inclination and rotation. However points were digitalised along the rim of the subchondral 
bone of the glenoid (OEP) (Figure 8.1).   
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__________________________________________________________________________ 
Figure 8.1: On the left is shown the appearance of the staple marker in the Neer II prosthesis 
on two different views of a reconstructed scapula. On the right is shown how the ROI points 
outline marker and scapula. On the far left frame is shown the reconstructed glenoid and the 
straight line shape of the metallic marker of the Ulys Ceraver prosthesis with ROI points 
plotted on the marker together with subchondral bone of the glenoid rim. 
__________________________________________________________________________ 
 
The ROI points were then transferred to a second programme 3D-Reshaper®. This software 
allowed the best plane of the scapula and the best plane of the glenoid to be calculated 
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according to the previously digitalised ROI points just as the center of the arthritic glenoid 
and glenoid implant and its projection on the scapula blade plane.  The software also 
measures the distance between points and relationship of the planes (or lines) relative to one 
another (Figure 8.2).  
 
 
__________________________________________________________________________ 
Figure 8.2: Glenoid and scapula ROI points transferred on 3D Reshaper software. On the left 
is shown the postoperative glenoid implant staple shape marker (Yellow) related to the 
scapula plane (Purple). On the Right is shown the preoperative eroded glenoid outer edge 
(Yellow) related to the scapula plane (Purple). SbP: scapula blade plane; GP: glenoid plane; 
AG: glenoid supero-inferior axis; CG: central point of the glenoid; pCG: orthogonal 
projection of the central point of the glenoid on the scapula blade plane; Psj: scapula blade 
and glenoid planes junction. 
__________________________________________________________________________ 
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Four parameters of the glenoid positioning were studied: the version of the glenoid, the 
inclination of the glenoid, the rotation of the glenoid and the antero-posterior off-set distance 
of the glenoid relative to the scapula plane. 
The version was calculated by measuring the angle between the plane of the glenoid and the 
plane of the scapula. The inclination was calculated by measuring the angle between the 
intersection line between scapula blade plane and glenoid plane, and a line drawn along the 
floor of the supraspinous fossa. Rotation was calculated by measuring the angle between the 
supero-inferior axis of the glenoid and the scapula plane. The off-set was measured as the 
shortest distance between the centre of the arthritic glenoid or glenoid metallic marker and 
the scapula plane. (Figure 8.2) 
At last, the position of the keel of the implant relative to the glenoid vault outer cortex was 
assessed on postoperative scanner and ranked as follow (Figure 8.3): Cortex breakage with 
cement leakage (anterior or posterior), contact between implant keel and cortex (anterior or 
posterior) and no contact between keel and cortex. 
 
 155 
 
 
__________________________________________________________________________ 
Figure 8.3: Preoperative axial view of the posteriorly eroded glenoid (right side) and 
postoperative axial view of the glenoid implant. Green line: main orientation of the glenoid 
vault. White line: orientation of the eroded glenoid. Red line: orientation of the glenoid 
implant. Red arrow: Anterior perforation of the glenoid vault due to positioning of the 
glenoid implant in the retroverted orientation of eroded glenoid 
__________________________________________________________________________ 
 
8.2.4 Statistical evaluation 
 
Statistical analysis was performed with use of SPSS 10.0 for (SPSS, Chicago, Illinois) to 
determine relationships between variables. Significance was set at p < 0.05. The 
preoperative four positioning parameters of the arthritic eroded glenoid (Version, inclination, 
rotation and offset distance) were analysed in relation to the respective postoperative glenoid 
implant positioning parameters (Version, inclination, rotation and offset distance), with the 
use of Least squares method. 
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8.3 Results 
 
 
8.3.1 Positioning parameters 
 
The average preoperative retroversion of the eroded glenoid related to the scapula blade 
plane was 10.5° (SD, 10.16; from -3° to 42°). The postoperative retroversion of the glenoid 
implant related to the scapula blade plane was on average 8° (SD, 9.5°; from -8° to 35°). The 
postoperative retroversion of the glenoid implant was significantly correlated to the 
preoperative version of the eroded glenoid (R2= 0.45; p<0.001) (as illustrated Figure 8.3). 
The difference between the preoperative version of the eroded glenoid and the postoperative 
version of the glenoid implant was on average 3° (SD, 7.8°; from -15 to 20.5°). This 
difference reflects the correction of version achieved by the surgeon during the procedure. 
The maximal correction value of 20.5° was encountered in the patient for who the glenoid 
was grafted by the time of surgery. However, even in this case, the remaining postoperative 
version of the glenoid was 9.5°. As regards Walch et al. classification71 based on 
preoperative scans, eroded glenoids were classified as A1 in 6 cases (20%), A2 in 7 cases 
(24%), B1 in 10 cases (33%), B2 in 4 (13%) cases and C in 3 cases (10%). Table 8.1 reports 
the preoperative version of the eroded glenoids, postoperative version of glenoid implants 
and difference of version between preoperative and postoperative version.  
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Glenoid 
erosion  
N Preoperative version 
of the eroded glenoid 
Postoperative version of 
the glenoid implant 
Preoperative version-
postoperative version 
A1 6 4°+/-3.4° 5°+/-7.6° 5°+/-2.6° 
A2 7 5°+/-4° 4°+/-4,2° 3°+/-2.3° 
B1 10 10°+/-7.7° 5°+/-6.8° 9°+/-4.6° 
B2 4 18°+/-8.8° 19°+/-9.5° 4°+/-2.2° 
C 3 30+/-12° 17°+/-15.8° 13°+/-4.8° 
 
__________________________________________________________________________ 
Table 8.1: Version values and number of cases (N) for each stage of the Walch et al. 
classification of arthritic glenoid wear. 
__________________________________________________________________________ 
 
The version of the eroded glenoid was significantly correlated with the Walch classification 
(p<0.001), as expected. The preoperative retroversion of eroded glenoids graded A, B, and C 
were respectively on average 7°+/- 6.2°, 18°+/-5.1°, and 30°+/-12°. However the correction 
of version was not correlated to the preoperative posterior version. The average correction 
the surgeon achieved during the procedure was on average 4+/-2.2° for stage B2 with 
preoperative posterior version of 18°+/-8.8° and on average 13°+/-4.8° for stage C with 
preoperative version of on average 30°+/-12°. In conclusion surgeons poorly corrected the 
posterior erosion of the glenoid and the glenoid implant was placed in the arthritic glenoid 
position of version with 3°+/-7,8° of difference.  
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The preoperative positioning of the other parameters, namely inclination, rotation and offset 
distance, are reported Table 8.2.  
 
 Preoperative postoperative Correction Significance 
Version 10 (SD, 10.1 ; 
from -3 to 42) 
8 (SD, 9.5; from 
-8 to 35) 
3 (SD, 7.8; from -
15 to 20.5) 
p<0.001 
R2=0.45 
Inclination 6 (SD, 11.5; from 
-22 to 35) 
7 (SD, 13.7; 
from -21 to 47) 
10 (SD, 9.1 ; from 
0 to 44) 
p=0.023 
R2=0.19 
Rotation 5 (SD, 9.6; from -
19 to 25.5) 
2 (SD, 12.5; 
from -25 to 32) 
1 (SD, 9.8; from -
21 to 19) 
p<001 
R2=0.34 
Offset distance 4.6 (SD, 3; from  
-1.4 to 11.7) 
5.5 (SD, 3.4; 
from -1.5 to 11) 
-0.9 (SD, 3.5; 
from -10.3 to 6.7) 
p=0.04 
R2=0.15 
 
__________________________________________________________________________ 
Table 8.2: Preoperative, postoperative and correction values for each one of the four 
positioning parameters studied. 
__________________________________________________________________________ 
 
For each of these parameters, the postoperative implant position was statistically correlated 
to the preoperative spatial position of the eroded glenoid 
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8.3.2 Keel of the implant related to the cortex of the glenoid vault 
 
The degree of implant keel penetration of the glenoid vault related to postoperative implant 
position are reported Table 8.3.  
. 
 N Version Inclination Rotation Offset distance 
Keel at the centre of the 
glenoid vault 
8 2+/-6.2° 12+/-5.8° -23+/-3.6° 7.+/-3mm 
Contact between keel 
and the anterior cortex 
17 8+/-6.7° 8+/-15.4° 4.2+/-3.6° 5+/-3.2mm 
Breakage of the anterior 
cortex 
4 19+/-15.2° -7+/-9.6° 3.5+/-2.9° 2+/-4mm 
Breakage of the posterior 
cortex  
1 -2° 
 
4° 
 
47° 3,6mm 
 
__________________________________________________________________________ 
Table 8.3: Number of cases (N) and positioning parameter values for each classification of 
glenoid vault penetration 
__________________________________________________________________________ 
 
The glenoid keel was located at the centre of the glenoid vault (Figure 8.4, left) in only 8 
cases (26%) out of the 30 (Table 8.3).  
 
 
 160 
 
__________________________________________________________________________ 
Figure 8.4: On the left is shown the implant keel centrally positioned into the glenoid vault. 
In the middle is shown the contact between the glenoid keel and the anterior glenoid wall. 
On the right is shown the glenoid keel perforating the anterior glenoid wall.  
__________________________________________________________________________ 
 
In 17 cases (57%), there was a contact between the tip of the keel and the anterior cortex of 
the glenoid vault due to glenoid posterior version (Figure 8.4, middle). The cortex of the 
glenoid vault was broken while implanting the keel of the prosthesis, with leakage of cement 
through it, in 5 cases (17%) (Figure 8.4). 4 times the anterior cortex was involved due to 
excessive posterior version of the glenoid. Once, the posterior cortex was broken by the 
superior aspect of the keel. This was due to minor malposition in anteversion (3,4°) 
combined with major malposition in rotation (47,7°) of the implant (Figure 8.5). 
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__________________________________________________________________________ 
Figure 8.5: Sole case of perforation of the posterior wall: On the right is shown the axial 
view of the inferior aspect of the glenoid keel perforating the posterior wall (right arrow). On 
the left is shown the coronal view of the glenoid keel perforating the posterior wall (right 
arrow). Agv: Axis of the glenoid vault. Akg: Axis of the glenoid keel. 
__________________________________________________________________________ 
 
Table 8.4 reports the position of the implant into the glenoid vault related to the pre-
operative erosion of the glenoid, graded by the Walch classification. 
. 
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Walch 
Classification 
Keel at the 
centre of the 
glenoid vault 
Contact between 
keel and the 
posterior cortex 
Breakage of 
the anterior 
cortex 
Breakage of 
the posterior 
cortex 
A1 4 2   
A2  5 1 1 
B1 3 6  1 
B2  3  1 
C 1 1  1 
 
__________________________________________________________________________ 
Table 8.4: Position of the keel of the implant, related to the cortex of the glenoid vault, 
according  to the pre-operative erosion of the glenoid, graded by the Walch classification 
__________________________________________________________________________ 
In 7 out of 8 cases in which the keel was perfectly positioned at the centre of the implant, the 
erosion of the implant was limited (Grade A1 and B1 of the Walch classification). In 1 case 
of major erosion (grade C of the Walch classification), the implant was also positioned at the 
centre of the glenoid vault. In this case, the procedure included bone grafting and achieved a 
correction of 20° of the index retroversion.  In all other cases graded A2, B2 or C, the keel of 
the implant was in close contact or broke the cortex of the glenoid vault. In conclusion, 
albeit no statistical analysis was driven because of the restricted population in each 
cathegories, it appears that preoperative important erosion is at high risk off improper siting 
of the glenoid implant. 
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8.4 Discussion 
 
 
To date, authors101, 111, 112 have studied the malposition of glenoid implants mainly in the 
axial plane (version). However, as far as we are aware, this study is the first to relate the 
version, inclination, rotation and offset of the glenoid implant to the position of the eroded 
arthritic glenoid. In addition, this in-vivo series reports the relation between implant 
positioning and glenoid wall perforation.  
 
Malalignement has proved to induce eccentric loading, shift of vector forces, increased 
contact pressure and rim loading, increased stress at the fixation interfaces and subsequently 
increased rate of glenoid loosening65, 106, 107, 109, 113-117. So far, authors have studied glenoid 
positioning in the axial plane either using conventional radiographs, with known 
inaccuracy107, or using two-dimensional computed tomography scans and the version 
measure described by Friedman et al90, 101, 111, 112. According to these authors, the version 
measure is calculated as described hereafter: a line is drawn between the anterior and 
posterior margins of the glenoid. The transverse axis of the scapula is determined by a line 
drawn from the midpoint of the glenoid cavity to the medial end of the image of the scapula; 
a line drawn perpendicular to this is defined as a line of neutral version. The shortcoming of 
this technique is that the midpoint of the glenoid cavity is used to determine the scapula 
plane. Consequently, a shift in translation of the centre of the glenoid leads causes an artefact 
in the calculation of the scapula plane and consequently leads to errors in defining the 
achieved correction in glenoid version. In our study, we report a shift of the centre of the 
glenoid related to a fix plane (so-called anterior offset distance) between preoperative and 
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postoperative values of on average -1 mm (SD, 3.5; from -10 to 7). This stresses that the 
measure of version with the Friedman et al. technique is not the more appropriate to compare 
preoperative and postoperative versions. In our study we used the technique described by 
Amadi et al99. The scapulae were reconstructed in 3D and digitalised reference (ROI) points 
were positioned along the near-linear Lateral Border of the scapula (LBL) as well as along 
the deepest part of the near-linear Supraspinous Fossa Line (SFL). These two sets of points, 
effectively two lines, determine the plane of the scapula blade. The preoperative glenoid 
plane was easily determined using the outer edge of the arthritic glenoid, and the 
postoperative glenoid plane using the metallic marker of the glenoid, as was previously 
described Chapter 7. Combined with more accuracy in calculating the corrected version, this 
technique allows the measure of three other positiniong parameters: the inclination of the 
glenoid, the rotation of the glenoid and the antero-posterior off-set distance of the glenoid 
relative to the scapula plane. 
 
Using the technique of Friedman et al., Kircher et al.101 reported an average change of 
retroversion angle without navigation from 14.4° (SD, 6.1°; from 2° to 24°) preoperatively 
to 10.9° (SD, 6.8°; from 0° to 19°) in a series of 10 patients. In our study, we report an 
average preoperative retroversion of 10° (SD, 10.16; from -3° to 42°) and a postoperative 
retroversion of on average 8° (SD, 9.5°; from -8° to 35°). The change in inclination in our 
study was of the same magnitude as the change in version. Consequently, our study stresses 
that without guidance, surgeons tend to reproduce the eroded glenoid spatial position in 
version and inclination.  
 
In Chapter 7, we reported the importance of two other positioning parameters (offset 
distance and rotation) in the clinical and radiological outcomes. In this Chapter, the reported 
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change in rotation was from on average 5° (SD, 9.6°; from -19° to 25.5°) preoperatively to 
2.3° (SD, 12.5°; from -25° to 32°) postoperatively. The reported change in offset distance 
was from on average 5 mm (SD, 3 mm; from  -1 mm to 12 mm ) to 5 mm (SD, 3.4 mm ; 
from -1 mm to 11 mm ). The postoperative position for these two parameters was 
statistically linked with preoperative eroded glenoid rotation and offset distance. Therefore 
navigation should also target to restore the native centre of the glenoid and the optimal 
rotation. 
The unsolved question remains what are the optimal version, rotation inclination and offset 
distance of the glenoid component. In Chapter 7, we defined that the optimal implant 
position as regards shoulder replacement outcome are as follow: retroversion in between 0° 
and 20°, superior inclination, rotation at 0° and anterior offset distance of 8mm. In this 
series, the ideal position of the glenoid implant as regards implant fixation, i.e. the glenoid 
keel being located at the centre of the glenoid vault, was encountered in only 8 cases (26%) 
out of the 30 patients the positioning parameters of this subgroup of patient being as follow: 
version 2°, superior inclination of 12°, rotation of -3° and anterior offset distance of 7,1mm. 
Therefore the ideal position of the glenoid as regards the fixation is very close to the optimal 
position of the glenoid as regards the clinical and radiological outcome of the prosthesis 
described Chapter 7. From there, we can advocate that the ideal placement of the implant as 
regards both fixation and outcome is 2° of version, 12° of inclination, between 0 and 3° of 
rotation and between 7mm and 8mm of anterior offset distance.   
However, we confess that these figure are rather imprecise and subsequently the optimal 
position of the glenoid implant should be investigated further. Additionally, there is no clear 
evidence that implanting the component in the centre of the glenoid vault improves fixation 
strength compared with glenoid being in contact or perforating the glenoid wall. 
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In a CT analysis of the glenoid fixation after TSA, Yian et al70 reported that the glenoid wall 
was perforated in 10 patients out of 47 (21%). Our reported rate of cortical wall perforation 
was 17% (5 patients out of 30). In four times the anterior wall was perforated due to 
excessive glenoid retroversion. Hoenecke et al.111 studied the amount of retroversion leading 
to wall perforation using virtual glenoid implantation on 3 dimensional computed 
tomography reconstruction of 40 normal glenoids. For Keeled implants, the average critical 
retroversion was 20+/-13°, compared with 19.5+/-15.2° in our study. According to Hoenecke 
et al111, posterior wall perforation appeared with an anteversion of on average 4.9+/-6°. In 
our study the sole case of posterior wall peroration was had an anteversion of 2°. The 
perforation was mainly due to excessive rotation, leading to perforation by the superior 
aspect of the keel. Therefore, this study demonstrates that excessive malalignement in 
version and/or rotation leads easily to wall perforation. As regards preoperative retroversion 
and its link with implant setting, this study reports that in all cases of major preoperative 
erosion, grade A2, B2 or C according to the Walch classification, for which the procedure 
did not include bone grafting, the keel of the implant was in close contact or broke the cortex 
of the glenoid vault. Hence, it appears that preoperative important erosion is at high risk off 
improper setting of the glenoid implant and therefore requires improved guidance as regards 
glenoid component positioning. 
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8.5 Conclusion 
 
This work of this chapter found that the glenoid implant is placed according to the version, 
inclination, rotation and central position of the eroded arthritic glenoid, leading to correct 
placement into the glenoid vault as regards optimal fixation in only 26% of the cases.  
Additionally, it highlights that all patients with major preoperative erosion (graded A2, B2 
or C according to Walch classification), require guidance with respect to glenoid component 
positioning. 
According to both optimal glenoid component position as regards fixation determined in this 
series and optimal glenoid component position as regards patient outcome determined in 
Chapter 7, we advocate to position the glenoid with the following orientation: 2.2° of 
version, 12° of inclination, between 0 and 2.9° of rotation and between 7.1 mm and 8 mm of 
anterior offset distance.   
Admittedly, these figures are representative of measurements with large standard deviations 
and the optimal position of the glenoid implant should be investigated further. 
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Chapter 9 
Does Glenoid mal-position cause increased polyethylene 
wear? 
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9.1 Introduction 
 
 
9.1.1 Glenoid wear  
 
In Chapters 5 and 6 we proposed that PE wear is the cause of radiolucent lines and osteolysis 
and ultimately therefore the mechanism that initiates the loosening process. Hence, reducing 
PE wear will reduce loosening. In Chapters 6, 7 and 8 we concluded that malposition of the 
implant leads to radiolucent lines, osteolysis and loosening. Combining these findings it 
seems plausible that malposition causes wear which in turn causes osteolysis and loosening. 
If the link between mal-alignment and wear can be proven it will further support efforts to 
achieve better implant position.  
The common causes of failure are glenoid loosening and wear. To date, very few studies 
have reported the pattern or the volume of glenoid wear and no studies have invetigated the 
relationship between such wear measures and the occurence of radiolucent lines and 
osteolysis. If PE wear is found to cause increased levels of readiolucent lines and osteolysis 
that would add further evidence that wear is the mechanism causing glenoid loosening. 
Previous studies were mainly cadaveric or on the retrieved components once the shoulder 
had already failed with limited number of cases82, 83, 85, 118-122. These published series identify 
various wear patterns but none of them have analysed if the PE wear pattern and volume is 
affected by the orientation of the glenoid.  
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9.1.2 Aim of the study 
 
We hypothesizes that besides patient factors, the orientation of the glenoid is a major 
determinant of the wear volume and wear pattern. We also hypothesise that wear volume is 
associated with an increased level of radiolucent lines and osteolysis. Therefore, in a series 
of 33 Total shoulder replacements, we will seek to determine the relationship between wear 
and glenoid postoperative position as well as the relationship between wear and the 
occurence of radiolucent lines. 
  
 
9.2  Methods 
 
 
9.2.1 Characteristics of the series 
 
33 anatomic shoulder replacements were consecutively operated on in one institution by one 
senior surgeon. The arthroplasties used were NeerII (Smith and Nephew). Neer II prosthesis 
is congruent with a radial mismatch of 0mm. All patients were assessed and scanned 
following an identical protocol minimizing the artifacts of the humeral head described 
Chapter 4 (Figure 9.1), using a Multi-Detector Scanner (General Electric, Waukesha, WI).  
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__________________________________________________________________________ 
Figure 9.1: CT-scan with patient in lateral decubitus and the arm elevated: Sagittal, Coronal 
and Axial views of the glenoid implant and fixation. 
__________________________________________________________________________ 
 
The average timing of post-operative clinical examination and of post-operative follow-up 
CT examination was 48 months (SD, 15; from 17 to 78). At the latest evaluation the patients 
were assessed clinically using the Constant score, and separately for a full range of motion: 
(flexion, abduction, external rotation). Patient population details are reported Table 9.1. 
__________________________________________________________________________ 
Table 9.1: Characteristics of the series 
__________________________________________________________________________ 
Age at the time of 
surgery 
71 +/- 8,8 years 
Side 13 Left; 20 Right 
Sex 28 females, 5 males 
Rotator cuff status at 
the time of surgery 
4 partial thickness tears of the supraspinatus, 2 full thickness tears 
(1 transosseous reattachment) 
Indication 26 primary arthritis, 4 Rheumatoid arthritis, 2 post-traumatic, 1 
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9.2.2 CT analysis of wear pattern 
 
The CT scans (Image size: 512 x 512 Pixels; Field of View: 36 cm) were taken with a 
contiguous thickness of 0.625mm with settings of 12kV and 70–120 mA. Each CT scan 
contained 200 to 350 DICOM images and was recorded on a separate CD-ROM. We used 
image processing software dedicated to DICOM images, OsiriX (open-source software; 
www.osirixviewer.com)93, 94, to generate 3-D reconstructions of each CT scan. The software 
benefits from the extremely fast and optimized 3-D graphic capabilities of the OpenGL 
graphic standard optimized for exploiting any available hardware graphic accelerator boards. 
The 3-D surface reconstructions were created using the surface rendering function in OsiriX 
with software settings optimized for metal (pixel value, 2000; high resolution, 0.50; smooth 
iterations, 80). To avoid measurement errors, all image reconstructions were made using the 
native section scans of thickness 0.625 mm. 
The scapulae were reconstructed in 3D and digitalised reference (ROI) points were plotted 
along the lateral border of the scapula and the deepest part of the supraspinous fossa in order 
to determine the plane of the scapula blade. The metallic marker of the glenoid implant was 
used to evaluate the positioning of the glenoid relative to the plane of the scapula. This was 
staple-shaped in the Neer II prosthesis (Figure 9.2). 
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__________________________________________________________________________ 
Figure 9.2:  Osirix three dimensional reconstruction of the shoulder. The humeral component 
and staple-shape metallic marker of the glenoid are in green. The ROI points plotted for the 
scapula blade plane calculation are shown in blue. 
__________________________________________________________________________ 
 
The ROI points were then transferred to a second programme 3D-Reshaper®. This software 
allowed the best plane of the scapula and the best plane of the glenoid to be calculated 
according to the previously digitalised ROI points and measured the relationship of the 
planes relative to one another. 
Four parameters of the glenoid positioning were studied: the version of the glenoid, the 
inclination of the glenoid, the rotation of the glenoid and the antero-posterior off-set distance 
of the glenoid relative to the scapula plane. 
The version was calculated by measuring the angle between the plane of the glenoid and the 
plane of the scapula. The inclination was calculated by measuring the angle between a line 
drawn perpendicularly from the centre of the glenoid in the scapula plane, and a line drawn 
along the floor of the supraspinous fossa. Rotation was calculated by measuring the angle 
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between the supero-inferior axis of the glenoid and the scapula plane. The off-set was 
measured as the shortest distance between the centre of the glenoid metallic marker and the 
scapula plane. 
The radiolucent lines and presence of osteolysis were assessed on the CT-scans by both a 
senior consultant shoulder surgeon and a musculoskeletal radiologist through a common 
analysis. The radiolucent lines were ranked according to the Mole scoring system90. A 4 
criteria scale was chosen to rank osteolysis: no osteolysis, osteolysis restricted to one or 
more of the glenoid fixation areas, major osteolysis involving the whole glenoid fixation 
without cortical disruption, and major osteolysis involving the whole glenoid fixation with 
cortical disruption.  
To determine the pattern of the polyethylene wear, we used the technique of three-
dimensional (3-D) computed tomography recently published and validated in determining 
acetabular wear in the hip arthroplasties, with an accuracy of 0,08mm and a reproducibility 
of 0,04mm123 
For each of the 3-D image reconstructions, we digitized the humeral head with on average 
33 points (SD, 9; from 13 to 64) evenly dispersed on the spherical portion, and digitized the 
glenoid component with points dispersed on the staple shaped metallic marker of the glenoid 
with on average 9 points (SD, 0,8; from 8 to 12). The humeral head is therefore represented 
by a cloud of points that lie on a unique sphere and the glenoid component by succession of 
points that lie on a unique staple shaped area in space. While digitalizing a point on a 
metallic component, OsiriX placed the point precisely on the metal surface in the 3-D view 
with a spatial accuracy of 0.01 mm.  
The coordinates of digitized points were exported from OsiriX to a file as comma separated 
variables (CSV). Geometric analysis software, 3D Reshaper® (Technodigit, Gleizé, France), 
was used to deduce the coordinates of the articular head centre by fitting a sphere to its point 
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cloud, and the centre of the glenoid component by fitting a circle to its point array, in both 
cases using the method 1 of least squares. (Figure 9.3).  
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__________________________________________________________________________ 
Figure 9.3: 3D Reshaper view of the humeral head ROI points (red) and of the scapula blade 
ROI points (grey). 
__________________________________________________________________________ 
 
As regards the point cloud of the humeral head, the worst point-sphere distance was on 
average 0,3 mm (SD, 0,1; from 0,1 to 0,6).  The calculated radius of curvature of the 
humeral head was 25,7 mm. As regards the glenoid staple marker plane, the worst point-
plane distance was on average 0,6 mm (SD, 0,4; from 0,17 to 2,4).  
Additionally, the projection of the humeral head centre on the glenoid staple marker plane 
was calculated. The average distance between the humeral head and it projection on the 
glenoid marker plane was 30 mm (SD, 0,99). Then, the point coordinates were further 
manipulated in spreadsheets using Microsoft Excel® (Microsoft Corp, Redmond, WA) to 
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deduce the absolute head-glenoid offset distance in the reference plane of the scapula shape 
marker (wear vector) and to calculate the polyethylene residual thickness. The absolute 
offset distance was the distance between the centre of the glenoid staple marker and the 
projection of the humeral head on the glenoid staple marker plane. This offset distance was 
also calculated in the supero-inferior direction of the glenoid and in the antero-posterior 
direction of the glenoid (Figure 9.3). The polyethylene residual thickness was calculated 
related to the distance between the centre of the humeral head and the glenoid staple plane, 
the radius of curvature of the humeral head and the absolute offset distance as illustrated 
Figure 9.4. 
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__________________________________________________________________________ 
Figure 9.4: Calculation of the remaining polyethylene thickness, PE, related to the absolute 
offset distance, O, the radius of curvature, R, and the Distance between the head centre and 
the glenoid marker plane, D. 
__________________________________________________________________________ 
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9.2.3 Statistical evaluation. 
 
Statistical analysis software SPSS 10.0 for (SPSS, Chicago, Illinois) was used to determine 
relationships between variables. Significance was set at p < 0.05. The glenoid positioning 
parameters were analysed in relation to the offset distance between the glenoid centre and 
the projection of the humeral head on the glenoid marker plane (absolute offset distance and 
offset distance in infero-superior and antero-posterior direction); and the patient follow-up, 
the wear vector and the polyethylene residual thickness were analysed in relation to the Mole 
score, using ordinary least squares and Analysis of Variance techniques.  
 
 
9.3 Results 
 
 
9.3.1 Clinical outcome 
 
On examination at the latest assessment, the active forward flexion was on average 133° (SD 
31°; range 40° to 170°) and the active abduction was on average 130° (SD 32°; range 25° to 
170°). The average Constant score was 68 points (SD 23; range 12 to 93).  
 
9.3.2 Radiological outcome 
 
Radiolucent lines were ranked with the Mole scale, with an average score of 9 points (SD 4; 
range 1 to 15). The computed tomography lucency Mole score was significantly correlated 
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with the patient follow-up  (R2=0,35; p<0,01). 6 patients had no osteolysis around the 
glenoid, 12 had osteolysis restricted to one or more of the glenoid fixation areas, 10 had 
major osteolysis involving the whole glenoid fixation without cortical disruption, and 5 had 
major osteolysis involving the whole glenoid fixation with cortical disruption. 
 
9.3.3 Glenoid positioning parameters 
 
The results of the four glenoid positioning parameters are reported in Table 9.2.   
 
 Average SD Min Max 
Retroversion (°) 5.6 12.4 -19 +29 
Superior inclination (°) 14.4 19.2 -16 +60 
Rotation (°) 3 13.1 -25 +33 
Off-set distance (mm) 5.6 2.9 0 +11 
 
__________________________________________________________________________ 
Table 9.2: Results of the glenoid implant position parameters 
__________________________________________________________________________ 
 
These parameters were scored so that retroversion was positive and anteversion negative, 
superior inclination was positive and inferior inclination negative, clockwise rotation was 
positive for a right shoulder and anticlockwise rotation was positive for a left shoulder. The 
average version was 5.6° but with a standard deviation of 12.4° (from -19 to +29°), which 
implies that there was a large variation in the implant positioning for this parameter. 
Equivalent results were reported for the other three positioning parameters.  
 181 
 
9.3.4 Glenoid wear  
 
The results of the wear pattern are reported in Table 9.3.  
 
 
 Average SD Min Max 
Absolute offset distance (Wear 
vector) (mm) 
2.8 1.7 0.6 6.5 
Offset distance along the 
antero-posterior axis (mm)  
(+ in the posterior direction) 
1.1 2.6 -4.3 +6.2 
Offset distance along the 
supero-inferior axis (mm) 
(+ in the superior direction) 
-0.7 1.6 -3.9 +4.3 
polyethylene residual 
thickness (mm) 
1.9 1 0.3 4.00 
__________________________________________________________________________ 
Table 9.3: Glenoid wear pattern 
__________________________________________________________________________ 
 
The wear pattern was scored so that posterior wear was positive and anterior wear negative, 
inferior wear was negative and superior positive. The absolute offset distance between the 
centre of the glenoid marker and the projection of the humeral head centre on the glenoid 
marker plane (wear vector) was on average 2,8 mm (SD, 1,7; from 0,6 to 6,5). Figure 9.5 
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reports the mapping of the projection of the humeral head (i.e. the location of the centre of 
the wear facet) on the glenoid.  
 
 
 
 
__________________________________________________________________________ 
Figure 9.5: Mapping of the projection of the humeral head (i.e. centre of the wear cup) on 
the glenoid implant. 
__________________________________________________________________________ 
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The offset distance along the antero-posterior axis of the glenoid marker was significantly 
correlated with the glenoid version (R2=0,13; p=0,04). The offset distance along the supero-
inferior axis of the glenoid marker was significantly correlated with the glenoid inclination 
(R2=0,16; p=0.02). Figure 9.6 shows wear vector in anteroposterior and superoinferior 
directions related to respectively version and inclination of the glenoid. Wear vector appears 
to be 0 in both  anteroposterior and superoinferior directions for repectively 3 degrees of 
anteversion and 3 degrees of inferior inclination. The worst case scenario in the supero 
inferior direction occurs in case of major inferior inclination. Then the wear vector decreases 
with an increased superior inclination, crosses the axis at 3 degrees of inferior inclination 
and seems to reach a plateau whatever the superior inclination is above –3°. Conversely, the 
relation between wear vector in the anteroposterior direction and version is more linear, wear 
vector increasing backward with increased retroversion. 
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__________________________________________________________________________ 
Figure 9.6: Effect of version and inclination on offset distance in antero-posterior and infero-
superior direction (offset distance between the glenoid centre and the projection of the 
humeral head on the glenoid marker plane) 
__________________________________________________________________________ 
 
The absolute offset distance was significantly correlated with follow-up (R2=0,19; p=0,02), 
with Mole score (R2=0,17, p=0,02) and Osteolysis (R2=0,2, p=0,03). In both cases, the 
offset distance decreased with the increase of respectively the follow-up and the Mole score. 
The polyethylene residual thickness was significantly correlated with follow-up (R2=0,15; 
p=0,04), with the Mole score (R2=0,16; p=0,02) and a trend existed with Osteolysis 
(R2=0,07; p=0,08). Thin polyethylene thickness (i.e. high polyethylene wear) was associated 
with long-term follow up and high Mole and Osteolysis scores. 
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9.4  Discussion  
 
 
This series demonstrates that the glenoid component positioning affects the pattern of wear 
(the wear vectors). The accuracy in glenoid component positioning is therefore the threshold 
element for preserving homogenous polyethylene wear.  
 
This study used CT-scan to calculate the humeral head penetration in glenoid polyethylene 
and the glenoid wear pattern. This has been possible due to advent of more modern 
techniques of higher accuracy and reproducibility, based on computational data processing. 
The 3-D CT technique used in this study has been recently published and validated in 
determining acetabular wear pattern of hip arthroplasties, with an accuracy of 0.08 mm and a 
reproducibility of 0.04 mm123. All the published series so far focus either on the pattern in 
the cadaver or once the joint has already failed and the components are already retrieved82, 83, 
85, 118-122
. The CT technique used here addresses the shortcomings of these retrieved 
components series: it brings up the number of TSA analysed, providing an homogenate 
series of implants, and it allows the measure of an early pattern of wear, especially the 
direction of the wear in relation to the positioning of the glenoid on the scapula. It is then the 
first attempt to assess the wear in TSA while the joint is in-situ.   
 
However, our results have to be taken in light of potential limitation: the CT protocol we 
used hypotheses that the head applies at the centre of the socket wear facet. This protocol 
was validated in hip arthroplasty, which is a weight-bearing joint and a conforming 
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replacement and therefore that matches with this requirement. Once could argue that in 
shoulder, the humeral head is not compulsory at the centre of the wear facet of the glenoid 
due to potential translation of the humeral head to the centre of the glenoid wear facet. 
However, in order to minimize the artifact of the humeral head, the patients were positioned 
in the CT device so that they were in maximal flexion of the shoulder, which lead to 
maximize the contact of the humeral head to the glenoid surface. Additionally, the Neer II 
prosthesis is a conforming prosthesis, with a radial mismatch between humeral head and 
glenoid radii of 0mm. Subsequently the translation is restricted and the humeral head is 
likely to be in the centre of the wear facet. Beside that, the absolute offset distance between 
the projection of the humeral head on the glenoid marker plane and the centre of the glenoid 
marker decreased with follow-up and occurrence of radiolucent lines, confirming that with 
time, the humeral head wears the glenoid and is positioned in a wear facet, which limits the 
translation of the humeral head on the glenoid implant surface.  
 
There is an increase amount of evidence that glenoid polyethylene wear is associated with 
the release of microscopic polyethylene debris which gives rise to periprosthetic osteolysis 
and glenoid aseptic loosening82, 119. The biologic reaction to polyethylene wear debris 
includes activation of macrophages leading to resorption of the trabecular bone at the bone-
cement interface, formation of an interposed membrane and progressive loosening. In our 
series, the remaining polyethylene thickness was 1.93mm. When compared with the 4mm 
PE thickness of an unworn glenoid implant, it highlights that PE wear appears early and is 
important in TSA. This is in keeping with results reported Chapter 6, Figure 6.6.  Scarlat et 
al83 published a series of 39 retrieved glenoids with, in all cases, changes in glenoid shape 
sufficient to compromise the stability and smoothness of the prosthetic articulation. Hertel et 
al.120 studied the location of the “new” articulating facet centre on seven retrieved 
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components. In all specimens, it was centered posteriorly to the centre of the original glenoid 
component. In 4 cases, the centre was shifted posteriorly and superiorly and in 3 cases the 
centre was shifted posteriorly and inferiorly. More recently Nho et al.85 have studied the 
wear pattern of a series involving 78 retrieved glenoid components. The inferior glenoid 
sustained the greatest wear, followed by the posterior region. In our study, the centre of the 
wear facet was mainly posterior in the anteroposterior direction and inferior in the 
superoinferior direction. Half of them where located in the infero-posterior quadrant (Figure 
9.5).  
 
In our study, the wear vector along the supero-inferior axis and antero-posterior axis were 
significantly correlated with respectively the version and inclination of the glenoid. Three 
degrees of anteversion related to the scapula blade plane and 3 degrees of inferior inclination 
related to the deepest aspect of the supraspinatus area (with worst scenario in case of inferior 
inclination) induces central loading, i.e. homogenous loading of the glenoid. 
These results are partly in keeping with Finite Elements findings: Hopkins et al65, Oosterom 
et al98 and Nyffeler et al97 have performed in-vitro experiments analysing the effects of the 
glenoid version and inclination on glenoid implant fixation. They all conclude that variation 
in version and inclination lead to a change in mechanical eccentric loading of the implant. 
The eccentric loading of the glenoid component (so-called “Rocking Horse Effect”) is 
associated with failure of the component. In our study, both the wear vector and amount of 
PE worn were significantly associated with occurrence of radiolucent lines and osteolysis 
around the implant. These results confirm that eccentric loading is associated with increased 
wear and component failure. In our study, the relation between wear vector in the 
anteroposterior direction and version was roughly linear, wear vector increasing backward 
with increased retroversion. Conversely, in the supero inferior direction, the worst case 
 188 
scenario occured in case of major inferior inclination. Then the wear vector decreased with 
an increased superior inclination, crossed the axis at 3 degrees of inferior inclination and 
reached a plateau value whatever the superior inclination was. These results are in keeping 
with the results of Chapter 7: higher rates of radiolucent lines for inferiorly inclined implants 
and low levels of radiolucent lines for superior inclination, whatever the superior inclination 
was. In Chapter 7, we proposed an explanation based on the tolerance to malposition owing 
to higher fixation strength in case of lack of correction of the malposition. This explanation 
can hardly be advocated here, and eccentric loading of implant in supero-inferior direction is 
probably different to the classic rocking horse effect described in the literature. It is likely 
that patients spend more time the arm by the side of the body, than in any other position. 
When the arm is by the side of the body and a force is applied downward (in case of carrying 
a bag, for example), and in case of inferior glenoid tilting, the force of the rotator cuff and of 
the deltoid might induce an increase stress at the superior aspect of the glenoid rim. 
Conversely, in case of superior titling of the implant, the stress is more homogeneously 
spread on the implant surface. However, this needs to be investigated further. 
 
 
 
 
9.5 Conclusion:  
 
 
This study demonstrates that a direct relation exists between position of the glenoid, 
radiological signs of loosening (radiolucent lines and osteolysis) and PE wear. 
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Consequently, there is further evidence that PE wear causes glenoid loosening and that 
glenoid positioning is a critical element for long-term survival of the prosthesis. 
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Chapter 10 
Conclusion: Glenoid failure determinants 
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10.1 Protocols for analysing glenoid loosening 
 
This thesis was motivated by the need to determine glenoid fixation failure mechanisms and 
by the lack of methodologies that are needed for such an investigation.  
Hence, the first contribution of this thesis was to have established several novel 
methodologies that enable, in-vitro and in-vivo, accurate characterization of the osseus state 
of the glenoid fixation as well as of the implant malposition and PE wear.  
 
In Vitro the CT protocol described Chapter 3 allows direct monitoring of glenoid mechanical 
failure. This was used to answer critical questions on the interface involved in mechanical 
failure, on the progression of the radiolucent line, and on the significance of radiolucent lines 
seen on CT-image. It can be used in the future for comparing loosening scenario of various 
implants designs. 
 
In Vivo, the CT protocol described in Chapter 4 allowed the fixation of the glenoid implant 
to be visualised with minimization of the artefacts from the metallic humeral head and, 
hence, enabled a more accurate analysis of glenoid implant loosening. Also, the patient 
radiation dose was dramatically reduced compared to standard CT scans of the shoulder. 
Consequently, this PhD described a CT protocol that can be routinely used in clinical setting 
for assessing the occurrence of radiolucent lines and signs of osteolysis around the glenoid 
implant of TSA. 
 
This thesis also provides guidelines for radiologist and surgeons as regards CT evaluation of 
glenoid spatial position:  
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With respect to CT of arthritic glenoid, besides analysing bone stock and rotator cuff status, 
the radiologist should consider the spatial position of the eroded glenoid, which has to be 
accurately calculated as a crucial element for guiding surgeons to correct the glenoid erosion 
and to place the glenoid component in an optimal position. Consequently, the systematic use 
before any TSA of a preoperative CT has to be advocated. With respect CT performed in 
TSA outcome, the spatial position of the glenoid component can also be calculated.  
At least four positioning parameters have to be studied: The version, the inclination, the 
rotation and the offset distance in the antero-posterior direction.  
At least, in Chapter 9 of this thesis is described a CT methodology transferred from hip that 
is used to measure wear of the glenoid implant while implant still in situ. Combined with the 
clear visualisation of the radiolucent lines and osteolysis using the new patient CT 
positioning described Chapter 4 and to the measure of the component spatial position 
described Chapter 6, this methodology provides interesting data on the link between spatial 
position and component wear and between component wear and loosening. Further 
investigation will give a new insight on the most appropriate implant design and position for 
minimizing the PE wear. 
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10.2 Interface of failure and significance of radiolucent lines and 
osteolysis 
 
 
The in-vitro CT methodology described Chapter 3 was able to detect and monitor initiation 
and progression of interface fracture at the back of the glenoid implant. Laboratory testing 
allows understanding of mechanical failure isolated from biological effect. This study 
demonstrated that fixation failure in the superior region (compressive-shear region) 
developed independently from failure in the inferior region (tensile region). Therefore 
geometrical features of the keel that cause stress concentrations appear less critical than 
previously though and, conversely, modification to the rim, that lower the stress 
concentration around the rim, would likely prevent or delay loosening.  
The interface involved in mechanical failure was the cement-implant interface, which 
therefore appears to be the weakest link of fixation. This finding suggests that little would be 
gained from efforts aimed at using stronger bone cement or improved bone preparation 
technique.  
Intriguingly, the interface involved in the mechanical failure (cement-implant) differs from 
the failure interface noticed in clinical studies.  
In-vivo, the used of the CT protocol minimizing the humeral head artefacts and subsequently 
allowing clear visualisation of the glenoid component, applied to a large series of patients 
(Chapter 6) located CT lucencies and osteolysis at the cement-bone interface. These findings 
are in keeping with retrieved components series findings. Consequently, this indicates that 
biological effects at the cement-bone interface play a significant role in failure. However, it 
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is important to stress that in-vivo the implant-cement interface could not be seen because the 
CT density of the glenoid PE was very close to the density of the radiolucent lines. Hence 
the relationship between mechanical failure (at the cement –implant interface) and biological 
failure (at the cement-bone interface) needs to be investigated further. 
Up until now, the significance of the CT lucency around glenoid fixation has not been 
clearly demonstrated.  
In Chapter 3, the relation of radiolucent lines on CT images and failure observed was 
validated using microscopy.  
The used of Spect-CT in Chapter 5 linked areas of black density around glenoid implant (so-
called radiological osteolysis) with active biological process.  
In chapter 9, the link between radiological osteolysis and PE wear was established. 
Consequently, taking all these elements into consideration and in keeping with retrieved 
component findings, this PhD demonstrated that glenoid loosening is mainly due to biologic 
process owing to glenoid component PE wear, and that this biological process is tracked 
with CT progressive radiolucent lines and osteolysis.  
As established Chapter 6, this biological process appears very early in the very first years of 
TSA outcome. This osteolysis progresses over time but, as seen in two patients (described 
chapter 5 and 6), clinical outcome did not deteriorate until major cortical defects appear in 
the glenoid cortical walls.  
 
 
10.3 Glenoid component malalignement 
 
Findings described Chapter 7 demonstrated how inaccuratly the glenoid implants are likely 
to be positioned. As previously described this is mainly due to the limited bone stock of the 
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native glenoid, the great patient-specific variability of the glenoid anatomy and the lack 
reliable landmarks to determine the scapula blade’s position intra-operatively. Chapter 8 
highlights that all patients with major preoperative erosion (graded A2, B2 or C according to 
Walch classification), require guidance as regards proper setting of the implant. 
 
Chapter 8 findings also demonstrated that glenoid component is placed in the spatial position 
of the eroded glenoid, which consequently deteriorates the clinical results (refer chapter 7), 
increase rate of radiolucent lines and osteolysis (Chapter 8), and PE wear vector(Chapter 9), 
i.e. the failure rate. 
This PhD provides indications of how the glenoid should be positioned in order to give 
optimal clinical results and minimal glenoid wear. Based on the results of Chapter 7 and 9, 
the optimal position of implants is estimated around neutral version and rotation related to 
the scapula blade, and neutral inclination related to the supraspinatus fossa. However the 
series are too limited and additional works are needed. 
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Chapter 11 
Future studies 
 197 
 
11.1 Which orientation is the best? 
 
As pointed out in paragraph 10.3, the optimal glenoid component spatial position needs to be 
investigated further. This will be the topic of future works. 
Hence, the next step will be to investigate the ”average optimal glenoid component 
position”. The ”average optimal glenoid component position” means the average 
angulations, i.e. version, inclination, rotation and offset-distance, which give on average the 
best results. This can be first worked out from TSA outcome studies, using the same 
methodology as in Chapter 7, but with larger patient series. Secondly, the ”average optimal 
glenoid component position” can be calculated from normal scapula studies. Normal 
scapulas CT can be easily extracted from total body scan performed for other purpose in 
young patients (for examples in case of poly-traumatism without scapula damage). The 
average version, inclination, rotation and offset distance of the normal glenoid will be 
calculated in relation to the average scapula blade plane defined in Chapter 7. Then thirdly, 
kinematic models of the gleno-humeral joint can be used. Kinematic model of the shoulder is 
very complicated to elaborate. However, one of the models described in the literature can be 
used on different scapulas morphology and different glenoid component positions can be 
shadowed on each scapula in order to work out this average optimal glenoid component 
position. 
Much more interestingly than the average glenoid component position, the use of kinematic 
models as previously described will target to work out the optimal glenoid component 
position for each individual morphology of the scapula.  Consequently in the future, the 
glenoid component of a TSA will be positioned according to the morphology of the scapula 
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blade, by predicting preoperatively the glenoid component position that will provides the 
optimal kinematic of the replaced joint. 
 
 
11.2 Glenoid component positioning needs guidance. 
 
 
Glenoid implant position is challenging due to limited bone stock, restricted operative view 
during the procedure and subsequent lack of landmarks of where the scapula blade is. Hence, 
to date, even if the surgeon would have known where to place the glenoid component, 
Chapter 8 stressed that the achievement of such a position without guidance is impossible, 
even in the hands of an experienced surgeon. Therefore, navigation of TSA glenoid seems 
particularly crucial. Authors have used different systems to navigate the glenoid. There are 
mainly systems developed in knee and hip and transferred to shoulder. The drawback of such 
systems is their cost. This cost has to be balanced with the number of procedures performed. 
Despite being the number one joint replaced in upper limb, gleno-humeral joint replacement 
volume is not of the same order of magnitude as hip or knee. Conversely, the importance of 
navigating glenoid in TSA seems much more important than in hip and knee replacement. 
Consequently, requirements of glenoid navigation are:  
- to be low cost  
- to make the invisible visible i.e. to be able to localised during the surgery the position 
of the scapula blade 
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We believe that these requirements can be achieved by transferring the assisted visualisation 
technology in the field of shoulder arthroplasty and our proposal is, to work on it in the 
future. 
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Appendix  
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Appendix 1: Glenoid Loosening after Total Shoulder Arthroplasty: 
An In Vitro CT-Scan Study 
 
 
Figure A1.1: Radiolucent lines at the cement-implant and at the implent- bone 
interfaces on CT-images  
 
Radiolucency just after implantation  Radiolucent line created after 
testing: 
(within the cement layer or cement-bone interface)  (Cement-implant interface) 
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Figure A1.2: Microscopic observation of the failure at the cement-bone 
interface around the keel of the Implant 
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Figure A1.3 : Observations of Failure around the Glenoid Implant in Cadaver 
Specimens Using Optical Microscopy 
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Figure A1.4 : Failure scenario according to the in-vitro CT-scan and 
microscopic study 
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Appendix 2: A new CT-scan protocol for assessment of glenoid 
loosening after total shoulder arthroplasty 
 
Table A2.1: Clinical Results 
 
Patient 
Follow-
up 
(month) 
Pain 
Constant 
Score 
Activity  
Constant 
Score 
Mobility  
Constant 
Score   
Active 
forward 
flexion 
(°) 
Active 
Abduction 
(°) 
Strength 
(Constant 
Score) 
(N/Kg) 
Global  
Constant 
Score 
1 35 15 20 32 130 130 16 83 
2 45 7 6 10 40 70 2 25 
3 45 14,5 18 32 150 140 24 88 
4 46 1 0 6 50 25 5 12 
5 56 14,5 11 20 50 40 6 51 
6 48 15 18 28 140 130 18 79 
7 63 11 20 30 100 90 6 67 
8 59 11,5 17 30 150 120 6 64 
9 33 11,5 19 38 160 160 8 76,5 
10 34 15 18 32 110 110 12 77 
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Table A2.2: Radiological Results 
 
 
 
 
 
 
Patient 
Follow-
up 
(month) 
Global 
Molé 
Score 
(Plane 
X-
Rays) 
Molé 
Score 
Zone 
1 
(CT-
Scan) 
Molé 
Score 
Zone 
2 
(CT-
Scan) 
Molé 
Score 
Zone 
3 
(CT-
Scan) 
Molé 
Score 
Zone 
4 
(CT-
Scan) 
Molé 
Score 
Zone 
5 
(CT-
Scan) 
Molé 
Score 
Zone 
6 
(CT-
Scan) 
Global 
Molé 
Score 
(CT-
Scan) 
Osteolysis 
(CT-scan) 
1 35 0 ? 1 1 1 1 ? 4 No 
2 45 1 0 1 1 1 1 ? 0 No 
3 45 2 ? 1 1 1 1 ? 4 No 
4 46 3 1 1 1 1 1 ? 5 No 
5 56 3 ? 2 2 3 2 ? 9 Osteolysis 
6 48 2 1 3 3 3 2 ? 12 Osteolysis 
7 63 5 ? 2 2 2 2 ? 8 Osteolysis 
8 59 1 ? 3 3 3 2 ? 9 No 
9 33 1 ? 1 1 1 1 ? 4 No 
10 34 2 ? 2 2 2 2 ? 8 No 
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Appendix 3: Analysis of glenoid lucencies and osteolysis with the 
use of a specific CT-scan protocol on a cohort of 68 Total Shoulder 
Arthroplasties  
 
 
Table A3.1: CT Molé Score and osteolysis score in the subgroup of patient 
with less than 15 months follow-up. 
 
Patient Gender Age Side Prosthesis Follow-up 
Molé 
Score 
(Plane X-
Rays) 
Osteolysis 
Score 
1 F 62 Right neer II 12 5 No osteolysis 
2 F 61 Right 
Ulys 
Ceraver 
14 3 No osteolysis 
3 M 53 Left neer II 6 2 No osteolysis 
4 F 72 Right 
Ulys 
Ceraver 
6 3 No osteolysis 
5 F 75 Right 
Ulys 
Ceraver 
12 1 No osteolysis 
6 F 64 Right neer II 13 2 No osteolysis 
7 F 68 Left Ulys 15 4 No osteolysis 
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Ceraver 
8 F 84 Left 
Ulys 
Ceraver 
6 6 
Major 
osteolysis  
9 F 71 Right 
Ulys 
Ceraver 
9 4 
Osteolysis at 
an early stage 
10 F 71 Left 
Ulys 
Ceraver 
15 5 No osteolysis 
11 F 48 Right 
Ulys 
Ceraver 
9 4 No osteolysis 
12 F 62 Right 
Ulys 
Ceraver 
6 7 
Osteolysis at 
an early stage 
13 F 57 Left 
Ulys 
Ceraver 
11 10 
Osteolysis at 
an early stage 
14 F 50 Right 
Ulys 
Ceraver 
8 8 
Osteolysis at 
an early stage 
15 F 78 Left 
Ulys 
Ceraver 
9 5 No osteolysis 
16 F 48 Left 
Ulys 
Ceraver 
6 4 No osteolysis 
17 M 66 Right neer II 6 5 No osteolysis 
18 F 66 Right 
Ulys 
Ceraver 
6 5 
Osteolysis at 
an early stage 
19 F 57 Right 
Ulys 
Ceraver 
5 3 No osteolysis 
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Figure A3.1: Patient 8 of Table 3.1 CT images demonstrating major osteolysis 
(white arrows) in the Sagittal plane of the glenoid implant (first picture) and in 
the coronal plane of the implant, passing through the keel hole (second picture) 
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Appendix 4: Accuracy of glenoid placement in total shoulder 
arthroplasty and its effect on radiological and clinical outcome. 
 
 
Table A4.1: Clinical results (Active forward flexion) and positioning 
parameters (Version and Rotation). 
 
 
Patient 
Active abduction 
(degree) 
Version 
(degree) 
Rotation 
(degree) 
1 110 4 28 
2 110 8 -10 
3 90 3 20 
4 120 25 -25 
5 90 15 26 
6 140 18 9 
7 160 2 0 
8 130 17 -6 
9 160 -19 -6 
10 - 29 -2 
11 90 25 -21 
12 140 22 15 
13 110 -2 4 
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14 150 18 20 
15 150 4 -10 
16 100 -4 9 
17 40 32 21 
18 140 1 -10 
19 140 -8 0 
20 165 -2 2 
21 120 -2 16 
22 100 8 -17 
23 130 5 33 
24 90 13 14 
25 155 4 2 
26 160 -8 -9 
27 130 10 10 
28 110 3 17 
29 70 -5 -9 
30 130 17 4 
31 140 6 15 
32 140 14 -4 
33 130 -1 -6 
34 80 0 8 
35 170 0 -2 
36 160 -2 13 
37 130 20 2 
38 180 -13 -7 
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39 120 4 7 
40 25 7 34 
41 90 36 -16 
42 160 3 -14 
43 145 3 14 
44 - -16 -20 
45 150 -13 -8 
46 - 8 17 
47 120 -5 -8 
48 160 25 6 
49 70 6 15 
50 110 5 0 
51 120 6 -16 
52 110 6 -16 
53 140 0 10 
54 140 -3 -8 
55 130 25 3 
56 130 -18 - 
57 140 3 12 
58 150 -5 -9 
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Table A4.2: Clinical results (Active abduction) and positioning parameters 
(Version, Rotation and Offset distance). 
 
 
Patient 
Active forward flexion 
(degree) 
Version 
(degree) 
Rotation 
(degree) 
Offset 
distance 
(mm) 
1 120 4 28 3,6 
2 110 8 -10 2,5 
3 90 3 20 13,6 
4 120 25 -25 10,1 
5 110 15 26 8,1 
6 140 18 9 4,8 
7 160 2 0 7 
8 140 17 -6 -3,2 
9 160 -19 -6 1,3 
10 - 29 -2 0 
11 110 25 -21 1,3 
12 140 22 15 4,9 
13 110 -2 4 4,4 
14 150 18 20 4,9 
15 150 4 -10 5,5 
16 110 -4 9 15,3 
17 50 32 21 -7,2 
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18 150 1 -10 9,1 
19 140 -8 0 5 
20 140 -2 2 7,9 
21 150 -2 16 9 
22 115 8 -17 3,7 
23 130 5 33 4,5 
24 100 13 14 10,1 
25 160 4 2 6 
26 160 -8 -9 9,3 
27 150 10 10 2,7 
28 115 3 17 7,2 
29 95 -5 -9 8 
30 115 17 4 6,6 
31 150 6 15 8,1 
32 130 14 -4 4,2 
33 140 -1 -6 9 
34 90 0 8 9,6 
35 155 0 -2 3,8 
36 150 -2 13 10,5 
37 135 20 2 2 
38 180 -13 -7 3 
39 120 4 7 5 
40 50 7 34 6 
41 90 36 -16 9 
42 160 3 -14 8,3 
43 160 3 14 4 
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Table A4.3: CT Lucency score (Mole score), positioning parameters 
(Inclination), age of the patient at the time of surgery and follow-up. 
 
Patient Mole Score Inclination (degree) Follow-up (Months) Age (year) 
1 15 -13 38 59 
2 3 0 13 65 
3 2 9 31 58 
4 9 -13 33 76 
5 3 36 54 78 
6 14 -3 12 79 
7 14 10 46 79 
8 10 -9 17 67 
9 10 47 33 80 
10 14 27 - - 
11 1 15 12 79 
12 12 5 48 68 
13 8 16 29 65 
14 3 12 24 73 
15 4 19 15 73 
16 6 28 4 88 
17 10 -21 56 65 
18 7 37 45 51 
19 11 0 37 80 
20 10 6 49 65 
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21 11 -4 59 74 
22 10 3 62 80 
23 7 50 47 88 
24 11 48 63 88 
25 13 22 57 78 
26 4 22 23 54 
27 11 15 63 76 
28 1 -2 24 63 
29 14 19 118 48 
30 4 22 9 75 
31 4 15 15 75 
32 4 20 10 53 
33 10 60 48 76 
34 7 -10 6 66 
35 6 18 41 75 
36 5 17 24 73 
37 2 14 29 66 
38 3 28 5 62 
39 12 13 41 86 
40 6 36 46 77 
41 1 0 7 77 
42 7 12 28 75 
43 11 -4 18 77 
44 5 25 - - 
45 15 10 76 76 
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46 5 14 - - 
47 7 -16 58 74 
48 7 4 33 32 
49 1 23 45 66 
50 0 16 18 49 
51 4 -18 4 53 
52 12 4 78 70 
53 14 -1 42 73 
54 8 4 78 73 
55 11 20 76 77 
56 7 4 35 86 
57 5 -2 47 86 
58 5 2 4 71 
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Appendix 5: Relation between preoperative three dimensional spatial 
position of the eroded glenoid and postoperative three dimensional 
spatial position of the glenoid implant in Total Shoulder 
Arthroplasty: a CT study involving 30 cases. 
 
 
Table A5.1: Version, inclination, rotation and offset distance of the 
preoperative eroded glenoid and of the postoperative glenoid implant. 
 
Preop 
Version 
(degree) 
Postop 
Version 
(degree) 
Preop 
Inclinaison 
(degree) 
Postop 
Inclinaison 
(degree) 
Preop 
Rotation 
(degree) 
Postop 
Rotation 
(degree) 
Preop 
Offset 
distance 
(mm) 
Postop 
Offset 
distance 
(mm) 
11 10 8 25 20 9 9,2 10.1 
0 3 7 15 3 2 6,2 5,3 
10 -19 3 47 10 -6 0 1,3 
26 30 1.5 1 0 -2 0.4 -1,5 
8 11 18 0 -19 -13 3,1 1,2 
24 10 -1,5 -2 10 16 3,26 5 
9,5 -0,3 8,3 14 -7 -13 4,8 4,9 
30 9,5 35 15 -5 -13,7 4,1 2,8 
5,6 5,3 11 3,6 25,5 28 6,5 4,4 
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18 6 13,5 19,5 6 1 4,5 6,6 
5 -8 0 7 3 9 -1,4 8,9 
18 4 21 8 17 3 2,9 5,3 
19 13 0 15 8 -1 0 4,1 
13 6,5 -5,1 -5 14,4 9 8,6 11 
2,8 -1,5 16 23 17 0,2 5,7 6,6 
0 2 23 15 8 -11 4,33 10,8 
3 0 9 12 -2 0 2,6 6,3 
8,4 10 13,5 31 11 32 4,8 5,6 
2 9 7,6 7 1 5 6,9 10,4 
8.2 2,7 -10 -4,3 2 8 3,4 8.8 
10 5 3,5 -7 8,3 4,8 6,5 7,3 
2 17 7 0 1 -10,5 6,2 4,9 
3,5 8 -22 -3 3,4 11 6,7 4 
12 7 -3 7 -10,5 -12 4,9 -0,6 
7 1,5 5.5 -4 1 11 4.4 5,6 
0,5 -2,4 - 4 14 47,5 9,7 3,6 
-3 2 - -2 12 8,7 11,7 5,01 
7,5 1 8,5 9 0 15 3,3 4,9 
42 35 -10 -21 -5 0 1 0 
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Table A5.2: Positioning parameter values of the glenoid implant and position 
of the implant keel into the glenoid vault 
Version 
(degree) 
Inclination 
(degree) 
Rotation 
(degree) 
Offset distance 
(mm) 
Implant keel 
position into the 
glenoid vault 
10 25 9 10,1 
Contact between 
keel 
and the anterior 
cortex 
25 -13 -25 10 
Contact between 
keel 
and the anterior 
cortex 
3 15 2 5,3 
Contact between 
keel 
and the anterior 
cortex 
-19 47 -6 1,3 
Contact between 
keel 
and the anterior 
cortex 
30 1 -2 -1,5 
Breakage of the 
anterior 
cortex 
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11 0 -13 1,2 
Contact between 
keel 
and the anterior 
cortex 
10 -2 16 5 
Contact between 
keel 
and the anterior 
cortex 
-0,3 14 -13 4,9 
Keel at the centre 
of the 
glenoid vault 
9,5 15 -13,7 2,8 
Keel at the centre 
of the 
glenoid vault 
5,3 3,6 28 4,4 
Contact between 
keel 
and the anterior 
cortex 
6 19,5 1 6,6 
Contact between 
keel 
and the anterior 
cortex 
-8 7 9 8,9 
Keel at the centre 
of the 
glenoid vault 
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4 8 3 5,3 
Keel at the centre 
of the 
glenoid vault 
13 15 -1 4,1 
Contact between 
keel 
and the anterior 
cortex 
6,5 -5 9 11 
Contact between 
keel 
and the anterior 
cortex 
-1,5 23 0,2 6,6 
Keel at the centre 
of the 
glenoid vault 
2 15 -11 10,8 
Keel at the centre 
of the 
glenoid vault 
0 12 0 6,3 
Keel at the centre 
of the 
glenoid vault 
10 31 32 5,6 
Contact between 
keel 
and the anterior 
cortex 
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9 7 5 10,4 
Keel at the centre 
of the 
glenoid vault 
2,7 -4,3 8 8.8 
Contact between 
keel 
and the anterior 
cortex 
5 -7 4,8 7,4 
Breakage of the 
anterior 
cortex 
17 0 -10,5 4,9 
Contact between 
keel 
and the anterior 
cortex 
8 -3 11 4 
Breakage of the 
anterior 
cortex 
7 7 -12 -0,6 
Contact between 
keel 
and the anterior 
cortex 
1,5 -4 11 5,6 
Contact between 
keel 
and the anterior 
cortex 
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-2,4 4 47,5 3,6 
Breakage of the 
posterior 
cortex 
2 -2 8,7 5 
Contact between 
keel 
and the anterior 
cortex 
1 9 15 4,9 
Contact between 
keel 
and the anterior 
cortex 
35 -21 0 0 
Breakage of the 
anterior 
cortex 
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Appendix 6: Assessment of glenoid polyethylene wear pattern in 
relation with glenoid positioning in Total Shoulder Replacement: A 
three dimensional CT study. 
 
 
Table A6.1: For each of the 3-D image reconstructions, number of ROI points 
dispersed on the spherical portion of the humeral head, used to calculate the 
humeral head sphere; and number of points dispersed on the glenoid staple-
shaped metallic marker, used to calculate glenoid plane. For each of the 3-D 
image reconstructions and as regard the humeral head sphere, worst point-
sphere distance and point-sphere distances Standard Deviation. For each of the 
3-D image reconstructions and as regard the glenoid plane, worst point-plane 
distance and point-plane distances Standard Deviation.  
 
Humeral Head Glenoid 
Number of 
points 
dispersed on 
the spherical 
portion of the 
humeral head 
Worst point-
sphere 
distance 
(mm) 
Point-sphere 
distances 
Standard 
deviation 
(mm) 
Number of 
points 
dispersed on 
the glenoid 
metallic 
marker 
Worst point-
plane 
distance 
(mm) 
Point-plane 
distances 
Standard 
Deviaton 
(mm) 
27 1,1 0,5 9 0,8 0,4 
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30 1,5 0,6 9 0,8 0,4 
43 1,3 0,6 9 1,6 0,9 
20 0,7 0,3 9 0,8 0,4 
29 1,3 0,6 9 0,9 0,6 
38 0,9 0,4 9 0,2 0,1 
26 0,4 0,2 9 0,4 0,2 
42 0,6 0,3 9 0,4 0,3 
20 0,9 0,4 8 0,7 0,4 
35 0,9 0,4 9 0,7 0,3 
64 1,3 0,4 12 0,7 0,3 
26 0,3 0,2 9 0,3 0,2 
43 1 0,4 9 0,5 0,4 
28 0,6 0,3 11 0,7 0,4 
41 0,7 0,3 9 0,7 0,4 
13 0,7 0,3 8 0,2 0,1 
22 0,2 0,1 9 0,5 0,2 
31 0,8 0,3 9 0,4 0,2 
30 1,5 0,6 9 0,8 0,4 
32 0,7 0,3 9 0,3 0,2 
36 0,3 0,2 9 0,2 0,1 
44 0,5 0,2 10 1,1 0,6 
38 0,8 0,3 9 0,5 0,2 
36 0,6 0,2 9 2,4 1,7 
37 0,9 0,3 9 0,3 0,2 
41 0,5 0,2 10 0,5 0,2 
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34 0,7 0,2 9 0,3 0,2 
31 0,6 0,3 8 0,2 0,1 
38 0,9 0,4 9 0,2 0,1 
33 0,4 0,2 10 0,3 0,2 
33 0,9 0,3 8 0,4 0,2 
28 0,3 0,1 9 1 0,5 
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Table A6.2: The glenoid positioning parameters (version, inclination, rotation 
and offset distance bteween centre of the glenoid and scapula plane) and offset 
distance between the glenoid centre and the projection of the humeral head on 
the glenoid marker plane (absolute offset distance and offset distance in infero-
superior and antero-posterior direction) 
 
Glenoid positioning parameter Glenoid wear pattern 
Version 
(°) 
Inclination 
(°) 
Rotation 
(°) 
Offset 
distance 
(mm) 
Absolute 
offset 
distance 
(mm) 
Offset 
distance in 
the antero-
posterior 
direction 
(mm) 
Offset 
distance in 
the supero-
inferior 
direction 
(mm) 
3 -2 12 8,2 5,3 4,7 2,5 
6 23 15 2,8 6,5 6,2 -2 
1 37 -10 9,1 2,5 -1,3 -0,1 
15 36 26 8,1 5,8 5,8 -1 
25 -13 -25 10 4,7 2 4,3 
4 22 2 6 1,6 -0,9 -1,3 
-1 60 -6 9 1,8 1,2 -1,3 
-18 4 - - 3,9 3,4 -1,8 
10 15 10 2,7 2,8 1,3 -2,5 
-5 -16 -8 11 2,4 -0,4 2,4 
4 -13 28 3,6 2,7 3 0,2 
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6 4 -16 1 0,6 -0,6 0,2 
8 3 -17 3,7 4 3,6 -1,7 
-13 10 -8 6,5 4,3 -4,3 -2,5 
13 48 14 10,1 1,1 -0,4 --1 
-3 4 -8 4,7 1,6 0,6 -1,5 
0 -1 10 7,1 1,2 0,1 1,2 
25 20 3 5,1 0,9 0 -0,9 
25 4 6 7,4 6,5 6,2 -2 
-19 47 -6 1,3 2,4 -2,3 -0,2 
18 -3 9 4,8 5,5 5,45 0,5 
2 10 0 7 0,8 -0,7 -0,4 
29 27 -2 0 1,2 1,1 -0,4 
22 5 15 4,9 2,9 2,3 -1,7 
- - - - 2,1 1,8 1 
-8 0 0 5 1,8 0,1 -1,8 
-2 6 2 7,9 1,5 -1,4 -0,4 
5 50 33 4,5 2,4 0 -2 
-2 16 4 4,4 1,7 0,7 -1,6 
0 18 -2 3,8 4,2 1,4 -3,9 
20 14 2 2 2,4 -2,3 -0,7 
4 13 7 5 1,8 -0,5 -1,8 
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Table A6.3: Patient follow-up, wear vector, polyethylene residual thickness and 
CT Mole score 
 
Follow-up (months) Wear vector (mm) 
Residual polyethylene 
thickness (mm) CT Mole score 
35 5,3 0,6 5 
45 6,5 0,8 1 
45 2,5 0,1 7 
17 5,8 0,7 3 
41 4,7 0,4 9 
57 1,6 0 13 
48 1,8 0,1 10 
47 3,9 0,3 7 
 - 2,8 0,1 11 
58 2,4 0,1 7 
66 2,7 0,1 15 
75 0,6 0 12 
62 4 0,3 10 
76 4 0,3 15 
63 1,1 0 11 
42 1,6 0 8 
78 1,2 0 14 
76 0,9 0 11 
33 6,5 0,8 7 
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33 2,3 0,1 10 
35 5,5 0,6 14 
48 0,8 0 14 
 - 1,2 0 14 
48 2,8 0,2 12 
 - 2,1 0,1 2 
38 1,8 0,1 11 
49 1,5 0 10 
47 2,4 0,1 7 
31 1,7 0,1 8 
41 4,2 0,3 6 
29 2,4 0,1 2 
41 1,9 0,1 12 
46 2,2 0,1 6 
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Appendix 7: Publications and presentations resulting from thesis 
 
Publications 
 
• Glenoid loosening after total shoulder arthroplasty: A In-vitro CT-scan study 
Gregory T, Hansen U, Brassart N, Baring T, Taillieu F, Mutschler C, Amis AA, 
Augereau B, Emery R 
Journal of orthopaedic research. 2009;27(12):1589-95 
 
• Developments in shoulder arthroplasty  
Gregory T, Hansen U, Emery RJ, Augereau B, Amis AA      
Proc Inst Mech Eng (H) 2007;221(1):87-96 
 
Presentations 
 
• Radiographic Follow-Up of Shoulder Arthroplasties- What imaging studies, when should 
they be performed, and what is the true value? 
11th International Congress for Shoulder and elbow Surgery (ICSS) 
Edinburgh, UK, Sept 2010 
 
• Glenoid Failure: Instrument or Surgical Failure? 
Nice Shoulder Course 2010 
Nice, France, May 2010 
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• Relation between Glenoid Implant positioning of Total Shoulder Arthroplasty, calculated 
with a new CT-scan method, and with both glenoid failure and clinical results 
European Society for Shoulder and Elbow Surgery (SECEC-ESSSE) 
Madrid, Spain, Sept 2009 
 
• Nouveau protocole permettant l’analyse au scanner sans injection du descellement 
 glénoïdien  des prothèses totales anatomiques d’épaule 
 83e Réunion Annuelle de la Société Française de Chirurgie Orthopédique et 
 Traumatologie (SOFCOT) 
 Paris, France, Nov 2008 
 
• Nouveau positionnement des patients pour l’analyse scanographique du descellement 
glénoïdien des prothèses totales d’épaule 
Journées Françaises de radiologie (JFR 2008), France, Oct 2008 
 
• Results of the use of a new CT-scan protocol for the assessment of glenoid implant 
fixation after Total Shoulder Replacement 
European Society for Shoulder and Elbow Surgery (SECEC-ESSSE) 
Brugge, Belgium, Sept 2008 
 
• Glenoid loosening after total shoulder arthroplasty : interface of failure 
Engineering the Upper Limb 
London, UK, April 2008 
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• Descellement glénoïdien des prothèses totales d’épaule: Étude expérimentale 
cadavérique utilisant le scanner 
82e Réunion Annuelle de la Société Française de Chirurgie Orthopédique et 
Traumatologie 
Paris, France, Nov 2007 
 
• In vitro study of the glenoid loosening using CT-scan. 
10th International Congress for Shoulder and elbow Surgery (ICSS) 
Salvador  de Bahia, Brasil, Sept 2007 
 
• A new CT-Scan protocol for the in-vivo analysis of Glenoid failure after total shoulder 
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